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Abstract 

This thorough review article offers a cutting-edge analysis of the essential characteristics and 
developments in electrode materials and electrolytes for supercapacitor technology. We start by 
going over the basics of supercapacitors and how important characterization methods like 
electrochemical impedance spectroscopy, galvanostatic charge-discharge, and cyclic 
voltammetry work. Specific capacitance, energy, and power densities, three essential 
characteristics that are crucial for assessing supercapacitor performance, are carefully covered in 
this work. We also analyze the many kinds of capacitors, including hybrid supercapacitors, 
electric double-layer capacitors, pseudocapacitors, and supercapacitors, and explain their 
working principles and material-specific characteristics. The study highlights the importance of 
metal oxides and hydroxides, carbon-based materials, conductive polymers, and novel and hybrid 
materials such as MXenes and metal-organic frameworks. The special qualities of each material 
class, such as large surface area, electrical conductivity, and particular redox properties, are 
highlighted in this section. These qualities are crucial for maximizing the performance of 
supercapacitors. The topic of electrode materials is discussed in detail, including their benefits 
and the difficulties and chances to improve energy storage, stability, and affordability. Parallel to 
this, the study thoroughly examines various electrolyte kinds, a sometimes overlooked yet 
essential part of supercapacitor technology. Discussed include ionic conductivity, operating 
voltage windows, safety profiles, and electrochemical stability of aqueous, organic, ionic liquid, 
gel, and solid-state electrolytes. This paper highlights the relationship between supercapacitor 
performance and electrolyte type, explaining how electrolyte selection affects total energy 
density, power density, and operational longevity. This review article covers supercapacitor 
technology in detail and with a wide scope and is an invaluable resource. It is a fundamental 
work for scholars and practitioners new to the area. It offers sophisticated insights that may 
encourage creativity and application-specific advancement in this quickly changing field. The 
study presents a comprehensive analysis of the present and future developments in 
supercapacitor materials and technology, establishing it as a vital resource in the continuous 
search for cutting-edge energy storage solutions. 
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1. Introduction 

Supercapacitors, also known as ultracapacitors, represent a 
class of energy storage devices at the intersection of 
conventional capacitors and batteries. Characterized by their 
rapid charge and discharge capabilities, high power density, 
and longer cycle life, supercapacitors have carved a niche in 
energy storage, complementing and, in some cases, replacing 
batteries in various applications [1-4]. In today’s technology- 
driven world, the role of supercapacitors is increasingly 
pivotal, catering to the growing demand for efficient energy 
storage solutions in renewable energy systems, electric 
vehicles, portable electronics, and power backup systems. The 
unique ability of supercapacitors to bridge the gap between the 
high energy storage capacity of batteries and the high power 
delivery of traditional capacitors makes them indispensable in 
applications where energy and power are crucial [5-9]. 

The journey of supercapacitors began in the early 20" century, 
with the initial concept dating back to the General Electric 
experiments in 1957. However, it wasn’t until the 1970s and 
1980s that significant strides were made in the development of 
supercapacitors, with the introduction of carbon-based 


electrodes and the exploration of various electrolytes [10]. The 
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evolution of supercapacitor technology has been marked by 
continuous advancements in materials and design, leading to 
enhanced performance and broader applications. The 
supercapacitor technology has grown exponentially from the 
initial use of activated carbon (AC) and aqueous electrolytes 
to the recent developments in nanomaterials, conductive 
polymers, and ionic liquids. This evolution has been driven by 
the growing energy demands of modern technology and the 
need for sustainable and efficient energy storage solutions [1 1- 
23]. At its core, a supercapacitor consists of two electrodes, an 
electrolyte, and a separator. The electrodes, typically made of 
highly porous materials, are where the energy is stored, either 
through electrostatic charge accumulation (in EDLC) or 
through fast surface redox reactions (in pseudocapacitors). 
The electrolyte provides the medium for ion transport between 
the electrodes, while the separator prevents physical contact 
between the electrodes and allows for the passage of ions [24- 
27). 

The working principle of supercapacitors hinges on two 
primary mechanisms: electrostatic double-layer capacitance 
and pseudocapacitance [28-30]. In electrostatic double-layer 


capacitance, ions from the electrolyte adsorb onto the surface 
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of the electrodes, forming a double layer and storing charge 


non-Faradaically. This mechanism is predominant in EDLCs, 


where the energy storage is purely physical and reversible [31]. 


In contrast, pseudocapacitance involves Faradaic (redox) 
processes at or near the electrode surface, contributing to 
higher capacitance and energy density. Pseudocapacitors 
leverage materials that undergo these Faradaic reactions, such 
as metal oxides and conductive polymers [32-34]. The 
efficiency and performance of supercapacitors are largely 
dictated by the properties of the electrode materials and the 
electrolytes. The electrode materials, with their high surface 
area, conductivity, and electrochemical stability, determine the 
charge storage capacity and power delivery of the 
supercapacitor. On the other hand, the type of electrolyte 
influences the operational voltage window, ionic conductivity, 
and overall stability of the device. The exploration and 
optimization of these components have been central to the 
advancements in supercapacitor technology [35-37]. 

In recent years, significant research has been focused on 
developing advanced electrode materials and electrolytes to 
enhance the performance of supercapacitors. Carbon-based 
materials, such as AC, carbon nanotubes, and graphene, have 
been extensively studied for their high surface areas and 
excellent electrical conductivities [38-41]. Conductive 
polymers and metal oxides have also garnered attention for 
their pseudocapacitive properties, offering higher energy 
densities [42-46]. Emerging materials like MOFs and MXenes 
are being explored for their unique structures and 
electrochemical properties [39, 47-49]. MOFs and MXenes 
stand out in energy storage research due to their unique 
structural characteristics and superior electrochemical 
properties, including high porosity, customizable surface 
functionalities, and exceptional electrical conductivity. These 
attributes enable them to deliver enhanced performance in 
electrochemical supercapacitors and batteries, promising 
significant advancements in energy storage technologies [48, 
50]. Similarly, the development of electrolytes has seen a shift 


from traditional aqueous and organic electrolytes to more 


advanced options like ionic liquids and gel or solid-state 
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electrolytes [51-54]. These new electrolytes offer extended 
operational voltage windows, improved safety profiles, and 
the potential for flexible supercapacitor designs. 

This review paper aims to provide a comprehensive overview 
of the current state-of-the-art in electrode materials and 
electrolytes for supercapacitors. By delving into the properties, 
advantages, and challenges associated with various materials 
and electrolytes, this paper sheds light on the key factors 
influencing the performance and _ applicability of 
supercapacitors. The insights offered in this review are 
intended to guide future research and development efforts in 
supercapacitor technology, paving the way for more efficient, 
reliable, and sustainable energy storage solutions. As the 
world increasingly turns towards renewable energy sources 
and seeks efficient energy storage systems, the role of 
supercapacitors, with their rapid charging capabilities and high 
power densities, becomes ever more critical. The 
advancements in electrode materials and electrolytes discussed 
herein are at the forefront of this technological evolution, 
marking a significant stride in the journey towards advanced 


energy storage systems. 

2. Basics of supercapacitor technology 
Supercapacitors, also known as ultracapacitors, are a type of 
energy storage device that bridges the gap between 
conventional capacitors and batteries. They store energy 
through a process that involves the electrostatic accumulation 
of charges, offering high power density and rapid charging 
and discharging capabilities compared to batteries [48, 55]. 
2.1. Key characterization techniques 

2.1.1. Cyclic voltammetry 

Cyclic voltammetry (CV) is a widely used electrochemical 
technique for analyzing the electrochemical properties of 
materials, especially in the study of supercapacitors. In CV, 
the potential of the working electrode is varied linearly with 
time in a cyclic manner, and the resulting current is measured. 
This process generates a plot of current versus voltage, known 
as a voltammogram, which provides valuable information 
about the electrochemical behavior of the electrode material 


[56-58]. CV helps in evaluating the electrochemical properties 
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of electrode materials used in supercapacitors. It provides 
insights into the capacitive behavior, charge storage 
mechanism, and reversibility of the electrode reactions. CV 
can distinguish between capacitive (non-Faradaic) and 
pseudocapacitive (Faradaic) charge storage mechanisms. In a 
purely capacitive process, the current response is rectangular, 
while pseudocapacitance shows redox peaks. CV reveals the 
kinetics of the electrochemical reactions occurring at the 
electrode/electrolyte interface, including reaction rates and 
potential-dependent capacitance changes. In EDLCs, the CV 
curve is typically rectangular, indicating ideal capacitive 
behavior with negligible Faradaic reactions. Meanwhile, 
pseudocapacitors exhibit distinct redox peaks in the CV curve, 
indicating Faradaic processes contributing to the capacitance 
[59-61]. 

The potential window in CV for supercapacitors is critical and 
is selected based on the electrochemical stability of the 
electrode material and the electrolyte. An ideal potential range 
ensures maximum capacitance without causing decomposition 
of the electrolyte or degradation of the electrode material. For 
aqueous electrolytes, the potential range is usually limited to 
1.0-1.23 V due to water electrolysis limits [44, 62, 63]. For 
organic or ionic liquid electrolytes, a wider potential window 
(up to 2.5 - 2.7V) can be used. The scan rate in CV affects the 
shape of the voltammogram. A higher scan rate leads to a 
broader peak and higher current responses, indicating kinetic 
limitations. The choice of the electrochemical window in CV 
tests is crucial to avoid irreversible reactions that could 
damage the electrode or electrolyte [64-67]. CV can also 
provide information on _ leakage current and_ the 
electrochemical stability of the supercapacitor under repeated 
charge-discharge cycles. The symmetry and area under the CV 
curve are indicative of the efficiency and the specific 
capacitance of the supercapacitor, respectively. CV is a 
fundamental tool in supercapacitor research, offering insights 
into the electrochemical characteristics, charge storage 
mechanisms, and performance capabilities of supercapacitors. 
Its ability to provide detailed information about the electrode 


materials and their interaction with electrolytes makes it 
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indispensable in the design and development of efficient and 
high-performance supercapacitors. 

2.1.2. Galvanostatic charge-discharge 

Galvanostatic charge-discharge (GCD) is a fundamental 
electrochemical technique used to evaluate the performance of 
supercapacitors. In GCD testing, a constant current is applied 
to charge and then discharge the supercapacitor, while the 
voltage across the supercapacitor is recorded over time. This 
results in a charge-discharge curve, essential for determining 
key performance parameters of supercapacitors, such as 
specific capacitance, energy density, and power density [68- 
71]. GCD is directly used to calculate the specific capacitance 
of the supercapacitor, which is a measure of its energy storage 
capacity. From the charge-discharge curves, energy density 
(how much energy can be stored) and power density (how 
quickly energy can be delivered) are calculated, providing a 
comprehensive understanding of the supercapacitor's 
performance. Repeated GCD cycles are used to assess the 
cyclic stability and lifetime of the supercapacitor, crucial for 
practical applications [68]. 

During the charge phase, the voltage increases linearly with 
time until a set voltage is reached. During discharge, the 
voltage decreases linearly. The shape of the curves provides 
insight into the capacitive behavior and efficiency of the 
supercapacitor. An initial sudden drop in voltage, known as 
the IR drop, is observed at the beginning of the discharge 
phase. It's indicative of the internal resistance of the 
supercapacitor. The linearity and symmetry of the charge and 
discharge curves are indicative of the ideal capacitive behavior 
and low resistance of the supercapacitor. Varying the current 
density in GCD tests helps to understand the rate capability 
and performance of the supercapacitor under different loads. 
Performing GCD at different temperatures can provide 
information about the thermal stability and performance of the 
supercapacitor in various environmental conditions [72]. 
Long-term GCD cycling tests are crucial to evaluate the 
durability and stability of the supercapacitor over extended 
periods. GCD is a vital technique in the characterization of 


supercapacitors, offering comprehensive insights into their 
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charge-discharge behavior, energy storage capacity, and 
overall performance. Through GCD, researchers and engineers 
can optimize supercapacitor design for a variety of 
applications, ensuring maximum efficiency and longevity [73, 
74]. 

2.1.3. Electrochemical impedance spectroscopy 
Electrochemical impedance spectroscopy (EIS) is a powerful 
and sensitive technique used to characterize the electrical and 
electrochemical properties of supercapacitors. In EIS, a small 
amplitude AC voltage is applied to the supercapacitor, and the 
resulting AC current is measured. By varying the frequency of 
the applied voltage (usually from mHz to MHz), EIS provides 
detailed information about the different resistive and 
capacitive elements within the supercapacitor. EIS helps in 
quantifying the internal resistance or impedance of the 
supercapacitor, which is crucial for high-power applications. 
EIS provides insights into the kinetics of charge transfer and 
ion diffusion within the electrodes and electrolyte. The data 
from EIS can be used to model the supercapacitor using an 
equivalent electrical circuit, helping to understand and 
optimize its performance. A key output of EIS is the Nyquist 
plot, which graphs the imaginary part of the impedance 
against the real part at different frequencies. Key features of a 
Nyquist plot for supercapacitors include high-frequency 
region, mid-frequency region, and low-frequency region. The 
intercept of the Nyquist plot with the real axis at high 
frequencies represents the equivalent series resistance (ESR) 
of the supercapacitor. ESR includes contributions from the 
resistance of the electrode material, the electrolyte, and the 
contact resistances. The semicircular portion in the mid- 
frequency range is associated with the charge transfer 
resistance (Rcr) at the electrode/electrolyte interface. The 
vertical line (or Warburg impedance) in the low-frequency 
range is indicative of the ion diffusion in the porous structure 
of the electrode. 

In EIS, the frequency of the applied AC voltage is varied, and 
the impedance response is measured. This sweep covers a 
wide range of frequencies to capture various electrochemical 


processes. The impedance data is typically interpreted using 
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an equivalent circuit model, which simplifies the complex 
electrochemical processes into electrical components like 
resistors, capacitors, and Warburg elements. Ideal capacitive 
behavior is indicated by a vertical line in the Nyquist plot at 
low frequencies, signifying that the impedance is primarily 
capacitive. EIS can be used to determine the relaxation time of 
the supercapacitor, which is important for understanding its 
charge-discharge rate capabilities. EIS measurements at 
different temperatures can reveal the effects of temperature on 
the impedance and performance of the supercapacitor. 
Similarly, the choice of electrolyte can be evaluated based on 
its impact on the impedance characteristics. The 
supercapacitor's performance at different frequencies can 
provide insights into its suitability for various applications, 
particularly where response time is critical. EIS is an 
indispensable technique in the field of supercapacitors, 
providing a comprehensive understanding of their internal 
dynamics, including resistance, capacitance, and charge 
transfer processes. The detailed insights gained from EIS, 
particularly through the analysis of Nyquist plots, are crucial 
for the design, optimization, and application of high- 
performance supercapacitors. 

2.2. | Fundamental parameters 

2.2.1. Specific capacitance 

Capacitance is a measure of a supercapacitor's ability to store 
charge. It's defined as the amount of charge stored per unit 
voltage and is expressed in farads (F). Whereas specific 
capacitance is a key parameter in supercapacitors, representing 
the capacitance per unit mass of the electrode material and is 
expressed in farads per gram (F/g). It is a measure of the 
energy storage capability of the supercapacitor and is crucial 
for evaluating and comparing the performance of different 
electrode materials. High specific capacitance indicates a 
greater ability of the electrode material to store electrical 
energy. It reflects the efficiency of the electrode material in 
utilizing its mass for charge storage. Knowing the specific 
capacitance helps in designing supercapacitors with desired 
energy and power densities for specific applications [75]. The 


specific capacitance (Csp) from CV curves can be calculated 
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using the equation (1). 


_ fix Av 
SP “mx AVxv 


Where, m is the mass (g) of the active material in the 


(1) 


electrode(s), v is the scan rate (V/sec), AV is the operating 
potential window (OPW, V), and|IxdV is the integrated area 
under CV curve (W). The specific capacitance (Csp) from GCD 
profile is calculated from the discharge curve using equation 
(2). 

_ IxAt 


SP “mx AV 


Where, I is the discharge current (A), At is the discharge time 


(2) 


(sec), m is the mass of the active material in the electrode(s) 
(g), and AV is the OPW during discharge (V). The intrinsic 
properties of the electrode material, such as porosity, electrical 
conductivity, and surface chemistry, significantly affect 
specific capacitance. The type of electrolyte and its ionic 
conductivity play a crucial role in charge storage and thus 
impact specific capacitance. The design and architecture of the 
electrode, including its thickness, surface area, and pore size 
distribution, influence the accessibility of electrolyte ions to 
the electrode surface, affecting capacitance. Conditions like 
scan rate in CV and current density in GCD affect the 
measured specific capacitance. Understanding and 
maximizing specific capacitance is vital for the development 
of high-performance  supercapacitors. This involves 
synthesizing advanced electrode materials with high surface 
areas, optimizing electrode structures, and selecting suitable 
electrolytes. The specific capacitance is a crucial benchmark 
for researchers and engineers in the field to develop more 
efficient energy storage devices [76]. Specific capacitance is a 
fundamental metric in supercapacitor technology, integral to 
assessing and enhancing their energy storage capabilities. 
Accurate measurement and understanding of specific 
capacitance, derived from CV and GCD techniques, are 
essential for advancing supercapacitor technology and its 
applications in various fields. 

2.2.2. Energy density 


Energy density is a crucial parameter for supercapacitors, 
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indicating how much energy a supercapacitor can store per 
unit mass or volume. It is a direct measure of the efficiency 
and effectiveness of a supercapacitor as an energy storage 
device. It's expressed in watt-hours per kilogram (Wh/kg) or 
watt-hours per liter (Wh/L). Higher energy density means 
more energy storage in a given volume or mass, making the 
supercapacitor more efficient for practical applications. Energy 
density (E) is typically calculated from the discharge curve of 
GCD profile obtained in a two-electrode system using 


equation (3). 


E =3xC,) x AV? xan (3) 
Where, Cop is the specific capacitance obtained from GCD (F/g 
or F/em?), AV is the OPW during discharge (V), while 
1000/3600 is a conversion factor. For accurately measuring 
energy density, it is recommended to use the GCD profile of a 
two-electrode system. This setup mimics the actual working 
conditions of a supercapacitor, providing a realistic assessment 
of both energy density and overall device performance. The 
two-electrode system takes into account the balance and 
interactions between the positrode and negatrode, which is 
crucial for practical applications of supercapacitors. There are 
certain limitations of CV curves and three-electrode systems 
for energy density measurement. CV measures capacitance 
under a varying voltage rate, which does not accurately 
represent the constant current conditions under which 
supercapacitors typically operate. This can lead to an 
overestimation or underestimation of the energy storage 
capacity. The three-electrode system (with a working electrode, 
counter electrode, and reference electrode) is primarily used 
for fundamental studies and material characterization. In this 
setup, only the working electrode material is evaluated, and 
the results do not reflect the interactions between two identical 
or different electrodes as in practical supercapacitor cells. The 
three-electrode system does not accurately represent the real- 
world performance of a supercapacitor, which typically 
operates with two electrodes. The energy density calculated 
from a three-electrode setup might not be representative of the 
two-electrode 


actual energy density in a_ practical 


supercapacitor. In a practical supercapacitor, both electrodes 
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often interact and contribute to the overall capacitance and 
energy storage. A three-electrode system does not capture this 
interplay between electrodes. The energy density of 
supercapacitors is best evaluated using GCD curves in a two- 
electrode system. This approach ensures that the 
measurements reflect the true energy storage capacity of the 
supercapacitor under conditions that are similar to its real- 
world application, making it a more reliable metric for 
assessing and comparing supercapacitor performance. 

2.2.3. Power density 

Power density is a critical parameter for supercapacitors, 
defining how quickly the stored energy can be delivered or 
discharged and is expressed in watts per kilogram (W/kg) or 
watts per liter (W/L). It is a key metric that differentiates 
supercapacitors from other energy storage devices, like 
batteries, which are typically characterized by higher energy 
densities but lower power densities. A high power density 
means the supercapacitor can release its stored energy rapidly, 
making it suitable for applications requiring quick bursts of 
power. Power density is crucial for understanding how 
efficient a supercapacitor is in delivering its stored energy 
under different operational conditions. Power density (P) is 


commonly calculated using the discharge GCD curve obtained 


in a two-electrode system using equation (4). 


E 
p= x 3600 (4) 
At 


Where, E is the energy density (Wh/kg or Wh/L) and At is the 
discharge time (sec). This formula ensures that the power 
density is calculated under realistic operational conditions, 
reflecting the actual performance of the supercapacitor. For 
accurate measurement of power density, using GCD profile in 
a two-electrode system is recommended. This configuration 
mirrors the actual supercapacitor cell setup and provides a 
realistic assessment of how quickly the supercapacitor can 
deliver energy under practical use conditions. The two- 
electrode system considers the synergy between the two 
electrodes, crucial for evaluating the real-world performance 
of supercapacitors, especially in terms of power delivery. 
There are certain limitations of using CV curves and three- 


electrode systems for power density measurement. CV 
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measures the response under a continuously varying voltage, 
which does not accurately simulate the constant current 
discharge conditions under which supercapacitors are typically 
used. This leads to an unrealistic assessment of the power 
density. Similar to the case with energy density, the three- 
electrode system is not representative of a _ practical 
supercapacitor cell. It provides information on the material 
properties at the electrode level but does not reflect the 
complete cell behavior. In a _ real-world application, 
supercapacitors operate with two electrodes, and the power 
density calculated from a three-electrode system does not 
accurately represent the power performance of a two-electrode 
supercapacitor. A three-electrode setup cannot accurately 
capture the dynamics between the anode and cathode in a two- 
electrode system, which is essential for determining the true 
power density of the supercapacitor. Power density in 
supercapacitors should ideally be measured using GCD curves 
in a two-electrode system. This approach offers a more 
accurate reflection of the supercapacitor's ability to quickly 
deliver energy, which is essential for many of its high-power 
applications. Understanding and optimizing power density is 
key to advancing supercapacitor technology and expanding its 
use in various fields where rapid energy discharge is critical. 
2.2.4. Coulombic efficiency 

Coulombic efficiency, often represented by the Greek letter n 
(eta), is a measure of the charge efficiency of a supercapacitor. 
It quantifies the ratio of the charge extracted from the 
supercapacitor during the discharge process to the charge 
stored in it during the charging process. This parameter is 
crucial for evaluating the effectiveness and reliability of 
supercapacitors in energy storage and delivery. Coulombic 
efficiency helps in assessing the energy losses during charge 
and discharge cycles, primarily due to internal resistance and 
side reactions. High Coulombic efficiency is indicative of less 
energy loss and more stable performance over repeated 
charge-discharge cycles, which is important for the longevity 
of the supercapacitor. It provides insights into the operational 
efficiency of the supercapacitor, which is essential for practical 


applications where energy conservation and efficient use are 
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critical. Coulombic efficiency (n) can be calculated using 


equation (5). 


ty 
n =—x 100% (5) 
t 
Where, ta is the discharging time (sec) and t- is the charging 


time (sec) in the GCD profile. 

Higher internal resistance can lead to more energy loss as heat 
during charging and discharging, reducing Coulombic 
efficiency. Electrochemical side reactions, such as electrolyte 
decomposition or electrode material degradation, can consume 
charge without contributing to energy storage, thereby 
lowering Coulombic efficiency. Faster charge-discharge rates 
can sometimes reduce Coulombic efficiency due to incomplete 
charging or increased resistive losses. Operating temperature 
can also impact Coulombic efficiency, as it influences the 
internal resistance and reaction kinetics of the supercapacitor. 
Coulombic efficiency is a vital metric for assessing the charge 
efficiency and overall performance of supercapacitors. It 
provides valuable information for optimizing the design and 
operational parameters of supercapacitors to enhance their 
efficiency, stability, and lifespan. High Coulombic efficiency 
is a desirable characteristic in supercapacitors, especially for 
applications requiring reliable and efficient energy storage and 
delivery. Understanding these fundamental principles and 
characterization techniques is crucial for evaluating and 
improving supercapacitor performance. The ability to store 
and deliver energy efficiently, as quantified by these 
parameters, makes supercapacitors a versatile and valuable 
component in various technological applications, from 
consumer electronics to renewable energy systems. 

2.3. Types of supercapacitors 

Supercapacitors are classified mainly into three types, i.e., 
EDLCs, pseudocapacitors, and hybrid supercapacitors (also 
known as_ supercapatteries). The various types of 
supercapacitors are shown in Scheme 1. Each type has its 
unique mechanism of storing charge, materials used, and 
specific characteristics. 

2.3.1. EDLCs 
EDLCs - store electrostatic 


electrical energy by _ the 
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accumulation of charges at the electrode-electrolyte interface. 


Scheme 1. Types of supercapacitors. 
The charge is stored physically, and there are no chemical 


reactions involved. Common materials for EDLC electrodes 
include various forms of carbon like AC, carbon nanotubes, 
and graphene, which provide a high surface area for charge 
storage. EDLCs exhibit high power density due to rapid 
charge-discharge capability, long cycle life with minimal 
degradation, and lower internal resistance. Whereas they have 
lower energy density compared to pseudocapacitors and 
batteries. Performance highly dependent on the surface area 
and porosity of the carbon materials used. In CV, EDLCs 
typically show rectangular-shaped curves, indicating ideal 
capacitive behavior. In GCD, EDLCs exhibit almost triangular 
charge-discharge profiles [77-80]. 

2.3.2. Pseudocapacitors 

Pseudocapacitors store energy through Faradaic (redox) 
reactions that occur at or near the electrode surface. These 
reactions are typically reversible and fast. Conductive 
polymers and transition metal oxides are commonly used 
electrode materials in pseudocapacitors. They exhibit higher 
energy density than EDLCs due to Faradaic charge storage, 
while still maintaining relatively high power density and good 
cycling stability. Generally, pseudocapacitors have a shorter 
lifespan compared to EDLCs due to the degradation of active 
materials from repeated redox reactions [48, 81]. There are 
some challenges in pseudocapacitors like improving cycle life 
and stability while maintaining high energy density and 


developing cost-effective and environmentally friendly 
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electrode materials. CV curves for pseudocapacitors show 
distinct redox peaks. In GCD, the charge-discharge curves are 
non-linear, often with plateaus corresponding to the redox 
processes [82, 83]. 

2.3.3. Hybrid supercapacitors (Supercapatteries) 

Hybrid supercapacitors combine the charge storage 
mechanisms of EDLCs and pseudocapacitors. One electrode 
operates via an electrostatic mechanism (like in EDLCs), 
while the other involves Faradaic reactions (as in 
pseudocapacitors). A combination of materials from EDLCs 
and pseudocapacitors, such as AC paired with metal oxides or 
conductive polymers are used as electrode materials. Hybrid 
supercapacitors have higher energy density than standard 
EDLCs, thanks to the combination of capacitive and Faradaic 
charge storage mechanisms. The exhibit better power density 
and faster charge-discharge rates compared to traditional 
batteries [70, 84]. There are certain challenges in hybrid 
supercapacitors like optimizing the balance between energy 
and power density. Ensuring compatibility and stability of the 
different electrode materials. The CV curve of a hybrid 
supercapacitor may show a combination of rectangular 
capacitive behavior and redox peaks. The GCD profiles would 
be a mix of linear and non-linear regions, indicative of both 
capacitive and Faradaic processes. The choice among EDLCs, 
pseudocapacitors, and hybrid Supercapacitors depends on the 
specific application requirements like energy density, power 
density, cycle life, and cost. Advanced materials research is 
continually pushing the boundaries of these supercapacitors, 
aiming to combine the best of EDLCs and pseudocapacitors 
into efficient, durable, and cost-effective energy storage 
solutions [85-91]. 

2.4. Key performance indicators for 

supercapacitors 

In the realm of supercapacitor technology, the evaluation of 
performance is pivotal for both academic research and 
practical applications. Key performance indicators (KPIs) such 
as specific capacitance, cyclic stability, and rate capability are 


essential metrics that define the efficiency and applicability of 


supercapacitors. Specific capacitance is a primary metric for 
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assessing the charge storage capacity of a supercapacitor on a 
per-unit-mass basis. It is defined as the amount of charge 
stored per unit mass of the electrode material and is typically 
expressed in Farads per gram (F/g). The specific capacitance 
is indicative of how much energy a supercapacitor can store. It 
is directly influenced by factors like electrode material, 
surface area, pore size distribution, and the electrolyte used. 
Cyclic stability refers to the ability of a supercapacitor to 
maintain its performance over repeated charge-discharge 
cycles. It is a crucial indicator of the longevity and reliability 
of a supercapacitor. Cyclic stability is typically assessed by 
subjecting the supercapacitor to thousands or even hundreds of 
thousands of charge-discharge cycles, while monitoring 
parameters like capacitance retention and internal resistance. 
High cyclic stability is essential for applications where the 
supercapacitor will undergo numerous cycles over its lifetime, 
such as in energy storage systems and electronic devices. It is 
affected by the electrochemical stability of the electrode 
materials, the integrity of the electrode structure, and the 
quality of the electrolyte. Rate capability is a measure of how 
quickly a supercapacitor can charge and discharge, reflecting 
its performance under high-rate operational conditions [92-94]. 
Rate capability is evaluated by conducting charge-discharge 
tests at different current densities. A supercapacitor with good 
rate capability will show minimal decrease in specific 
capacitance even at high current densities. Rate capability is 
critical in applications requiring rapid bursts of energy, like in 
power backup systems and acceleration in electric vehicles 
[95-97]. It is largely dependent on the electrode material’s 
conductivity, the ion transport in the electrolyte, and the 
interface between the electrode and electrolyte. These KPIs, 
specific capacitance, cyclic stability, and rate capability, 
collectively provide a holistic view of a supercapacitor’s 
performance. They are interrelated and often require a balance; 
for instance, improving energy density (specific capacitance) 
might come at the cost of power density (rate capability). 
Understanding and optimizing these parameters are 
fundamental in the advancement of supercapacitor technology, 


guiding the development of more efficient, durable, and 
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application-specific supercapacitors [98-100]. 
3. Electrode materials for supercapacitors and 


their properties 
In the domain of supercapacitor, the choice of electrode 
material plays a pivotal role in determining the overall 
performance and efficiency. Different classes of materials, 
each with unique properties, have been extensively explored to 
enhance the capabilities of supercapacitors. This includes 
carbon-based materials, conductive polymers, metal oxides 
and hydroxides, MOFs, MXenes, and various emerging and 
hybrid composite materials. Carbon materials are widely used 
due to their high surface area, excellent conductivity, and 
remarkable chemical stability. AC, carbon nanotubes (CNTs), 
and graphene are prominent examples [101, 102]. AC, with its 
porous structure, offers high surface area for charge storage. 
CNTs and graphene, owing to their unique one-dimensional 
and two-dimensional structures, respectively, provide superior 
electrical conductivity and mechanical strength, enhancing 
both the energy and power densities of supercapacitors. 
Conductive polymers, including polyaniline (PANI), 
polypyrrole (PPy), and polythiophene, store charge via 
Faradaic redox reactions, offering higher specific capacitance 
compared to carbon materials. They are flexible, easy to 
process, and can be synthesized with a tailored structure for 
enhanced performance. However, their lower stability and 
degradation over cycling are challenges that need addressing. 
Transition metal oxides like RuOz, MnOz, and Co3O4, and 
hydroxides such as Ni(OH)2, are used in pseudocapacitors for 
their high theoretical capacitance and energy density [103- 
107]. They undergo redox reactions contributing to charge 
storage. Despite their high capacitance, issues like poor 
electrical conductivity and cyclic stability limit their 
standalone use. MOFs, with their highly porous crystalline 
structures [108-111], offer a large surface area and tunable 
pore sizes, making them suitable for both EDLCs and 
pseudocapacitors. MXenes, a class of two-dimensional 
materials, have emerged recently, exhibiting high conductivity, 
flexibility, and hydrophilicity. Their layered structure enables 


fast ion transport, making them promise for high-rate 
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supercapacitors. Research is continuously exploring novel 
materials like carbon aerogels, carbide-derived carbons, and 
composite/hybrid materials that combine the advantages of 
different classes (e.g., carbon materials with metal oxides). 
These materials aim to synergistically enhance energy density, 
power density, and cyclic stability, addressing the limitations 
of individual material classes. The exploration and 
optimization of electrode materials for supercapacitors is a 
dynamic and evolving field. Each material class brings its 
strengths and challenges, influencing the supercapacitor's 
performance in terms of energy and power density, stability, 
and rate capability. The ongoing advancements in material 
science, including the development of novel hybrid materials, 
are critical in pushing the boundaries of supercapacitor 
technology towards higher efficiency and broader applicability 
[112-114]. 

3.1. Carbon-based materials 
Carbon-based materials are extensively utilized in 
supercapacitor electrodes, primarily due to their exceptional 
properties that align well with the operational requirements of 
supercapacitors. The high surface area, especially in forms 
such as AC, is a key feature, often exceeding 1000 m7/g, 
which significantly enhances the specific capacitance by 
facilitating substantial charge accumulation. Additionally, 
advanced carbon materials like graphene and CNTs exhibit 
remarkable electrical conductivity, ensuring rapid electron 
movement within the electrode and contributing to high power 
density [115-118]. The porous nature of these materials is 
equally important, providing efficient ion transport pathways 
essential for swift charge-discharge cycles. This pore structure 
can be intricately tailored to optimize the interaction with 
electrolyte ions, maximizing charge storage efficiency. 
Moreover, the inherent thermal and chemical stability of 
carbon materials guarantees durability and long-term 
performance of supercapacitors, particularly under demanding 
operational conditions. Notably, graphene and CNTs, with 
their mechanical robustness and flexibility, pave the way for 
innovative flexible supercapacitor designs [119-123]. 


The preference for carbon-based materials in supercapacitors 
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is underpinned by their balanced energy and power 
characteristics. While they are primarily used in EDLCs for 
electrostatic energy storage, their compatibility with various 
electrolytes and composite formations extends _ their 
applicability to pseudocapacitive mechanisms as well. This 
versatility is complemented by the environmental friendliness 
of carbon materials, especially those derived from sustainable 
sources, making them more attractive from an ecological 
standpoint. The economic aspect, particularly for AC with its 
low cost and scalability, is crucial for large-scale application 
and commercialization of supercapacitors [124-128]. 
Furthermore, the field of carbon materials is a hotbed of 
innovation, with ongoing research delving into areas like 
heteroatom doping, development of hierarchically porous 
structures, and the creation of 3D carbon networks. These 


advancements not only enhance the intrinsic properties of 
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carbon materials but also open up new avenues for their 
application in supercapacitors, ensuring that they remain at the 
forefront of energy storage technology development. 

Biomass-generated AC has exceptional supercapacitor 
efficiency because of its distinct structural characteristics and 
large surface area, especially when obtained from economical 
and sustainable sources like jute sticks [129-137]. Through a 
two-step pyrolysis method, as seen in Figure 1a, Shah et al. 
were able to effectively manufacture AC derived from jute 
sticks, which resulted in an outstanding surface area of over 
2600 m?/g and a nanosheet-like shape (Figure 1b-d) [41]. In 
order to achieve high capacitance in supercapacitors, this 
enormous surface area is essential. Outstanding performance 
was found in a thorough electrochemical examination of 


symmetric supercapacitors using electrodes built on jute stick 


AC (JAC). 
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Figure 1. (a) Synthetic procedures for the two-step pyrolysis used to prepare AC obtained from jute sticks. FESEM micrographs 


(b—d) of the generated AC at various magnifications. CV curves at various scan rates, GCD profiles with varying current 


densities, and matching specific capacitances of the JAC-based symmetric supercapacitor are shown in (e), (f), and (g). 


Reproduced with permission [41]. Copyright 2023, Wiley. 
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These supercapacitors were tested in a two-electrode cell 
design with a PVA/KOH electrolyte utilizing CV, GCD, and 
EIS. Interestingly, the JAC-2 electrodes from this series 
showed a distinct rectangular shape in the CV curves (Figure 
le), indicating that they were capacitive. GCD profiles 
(Figure 1f), which displayed symmetrical charge/discharge 
curves indicative of electric double-layer capacitance and 
superior electrochemical reversibility, further supported this. 
Because JAC-2 has a large amount of mesopore content and a 
high surface area, it is better at electrolyte absorption and ion 


diffusion. This is demonstrated by the longest discharge 


duration and greatest specific capacitance in GCD experiments. 


As shown in Figure 1g, the JAC-2-based supercapacitors had 
the greatest specific capacitance values, reaching up to 400 
F/g at a scan rate of 10 mV/sec. This image shows the high 
capacitive nature of JAC-2 as well as the high energy storage 
capacity that it may potentially have. At a current density of 1 
A/g, these supercapacitors demonstrated a remarkable energy 
density of about 50 Wh/kg, indicating their great potential as 
materials for next-generation energy storage applications. The 
thorough electrochemical analysis, which includes a range of 
characterization methods, solidifies the JAC-based materials, 
JAC-2 in particular, as superior contenders for high- 
performance supercapacitors. 

In the evolving landscape of supercapacitor technology, a 
diverse array of biomass-derived carbons and advanced 
carbon-based materials, including carbon nanofibers (CNFs), 
CNTs, and graphene, have garnered significant attention due 
to their exceptional performance in energy storage applications 
[73, 133, 138-146]. Biomass-derived N-doped carbon and 
chloride salt-AC are recognized as efficient electrode materials 
for enhancing the performance of electrochemical 
supercapacitors [147, 148]. Recent studies have explored 
various biomass sources, such as coconut shells [149], rice 
husks [150], and even agricultural waste [14, 151], 
transforming these into high-surface-area ACs _ through 
processes like carbonization and activation [132, 134]. These 
biomass-derived ACs offer a sustainable, cost-effective, and 


eco-friendly approach to electrode fabrication, exhibiting 
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excellent electrochemical properties due to their intrinsic 
porous structures and high surface areas, which are imperative 
for efficient ion adsorption and rapid charge-discharge 
dynamics [152, 153]. Simultaneously, engineered carbon 
forms like CNFs, CNTs, and graphene represent the pinnacle 
of material innovation in supercapacitors [154-157]. CNFs, 
with their continuous and interconnected fibrous network, 
provide a unique combination of electrical conductivity, 
mechanical strength, and _ structural stability, enhancing 
electrode durability and capacitance. Carbon nanotubes, 
known for their exceptional electrical conductivity and 
mechanical properties, facilitate electron transport within 
electrodes and contribute to the overall resilience and 
efficiency of the supercapacitor. Graphene, a one-atom-thick 
layer of carbon atoms arranged in a hexagonal lattice, stands 
out due to its extraordinary electrical conductivity, high 
surface area, and mechanical flexibility. These properties make 
graphene an _ ideal candidate for high-performance 
supercapacitors, offering low equivalent series resistance (ESR) 
and high power density. The integration of these advanced 
carbon materials into supercapacitor electrodes has led to 
notable improvements in energy density, power density, and 
cyclic stability, pushing the boundaries of what is achievable 
in modern energy storage systems. The advancements in these 
carbon-based materials, from natural biomass derivatives to 
engineered nanostructures, highlight a significant trend in 
supercapacitor research: the synergy of sustainability with 
high-end material science [158, 159]. This convergence not 
only enhances the performance metrics of supercapacitors but 
also aligns with global efforts towards environmentally 
friendly and scalable energy storage solutions. As research 
continues to refine these materials and uncover new potentials, 
carbon-based materials are set to remain at the forefront of 
supercapacitor technology, driving innovations and 
applications in the field of advanced energy storage. 

3.2. Conductive polymers 

Conductive polymers have emerged as a significant class of 


materials in the development of supercapacitors, primarily 


attributed to their distinct electrochemical properties that are 
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conducive to energy storage applications. These polymers, 
including prominent examples like PANI, PPy, and 
polythiophene, exhibit inherent conductivity and a unique 
ability to undergo reversible redox reactions. This trait is 
central to their role in pseudocapacitors [98, 160, 161]. The 
pseudocapacitive behavior of conductive polymers arises from 
the fast and reversible Faradaic reactions at the polymer- 
electrolyte interface, which contribute to higher specific 
capacitances compared to their carbon-based counterparts. 
Moreover, the ease of synthesis and the possibility of tuning 
their electrical and physical properties through chemical 
doping or copolymerization make them versatile for various 
supercapacitor applications. These polymers can be deposited 
on various substrates, including flexible materials, allowing 
for innovative supercapacitor designs, including flexible and 
wearable energy storage devices. 

The exploration of conductive polymers in supercapacitors is 
driven by several advantages, such as their high theoretical 
specific capacitance and energy density, which are pivotal in 
enhancing the overall energy storage capability of 
supercapacitors. This property, coupled with their relatively 
low cost and environmental benignity, makes them attractive 
for sustainable and economical energy storage solutions. 
However, the application of conductive polymers in 
supercapacitors is not without challenges. A primary limitation 
is their cyclic stability; these polymers often suffer from 
structural degradation over repeated charge-discharge cycles 
due to swelling and shrinking during the doping/undoping 
processes. These polymers' mechanical properties and 
conductivity can also be sensitive to environmental conditions, 
such as humidity and temperature, which might limit their 
performance in varying operational environments [162]. 
Addressing these challenges, recent research in the field has 
been focusing on the development of composite materials, 
combining conductive polymers with other materials like 
carbon nanotubes or metal oxides, to create synergistic effects 
that enhance conductivity, stability, and mechanical strength. 


Such innovations are crucial in harnessing the full potential of 


conductive polymers in the realm of advanced supercapacitor 
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technologies [163]. 

Because of their intrinsic electrical conductivity and special 
capacity for Faradaic charge storage, which greatly increases 
the energy density and capacitance, conductive polymers are 
very effective for supercapacitors. Shah et al. used 
electrochemical deposition to create PANI, a conductive 
polymer, which showed exceptional structural and 
electrochemical performance for supercapacitor applications 
(Figure 2A) [40]. PANI@CC was used as the positive 
electrode and TAC@CC as the negative electrode in their 
investigation to create an asymmetric supercapacitor. The 
separator was only a piece of filter paper saturated in an ionic 
liquid electrolyte. Selecting an ionic liquid electrolyte was 
essential as it has a larger operating potential window (OPW) 
than aqueous electrolytes, which increases the supercapacitor's 
energy density. As seen in Figure 2B,a-f, the electrochemical 
performance of this asymmetric supercapacitor was 
exceptional. CV and GCD experiments revealed that OPWs 
could reach up to 3.0 V and 2.8 V, respectively, which is a 
notable improvement above traditional aqueous supercapacitor. 
The quasi rectangular form and redox peaks of the CV curves 
in Figure 2B,a are suggestive of the behavior of a hybrid 
supercapacitor, which combines characteristics of both 
pseudocapacitance and EDLC. The discharge curves from the 
GCD experiments, which were carried out at different current 
densities within an OPW of 0—2.8 V, showed almost triangular 
forms (Figure 2B,b), indicating a combination of EDLC and 
pseudocapacitive nature. The asymmetric supercapacitor's 
strong conductivity was highlighted by its notable minimum 
IR drop. One important finding was the decrease in areal 
capacitance as current density increased. This pattern was 
explained by the restricted diffusion of electrolyte ions at 
higher rates. Because of the conductivity of PANI and the 
stability and large surface area of TAC, the special 
combination of these two materials produced an asymmetric 
supercapacitor with a high specific capacitance. Together with 
PANI's excellent electrical and ionic conductivities, TAC's 
well-designed pore structure allowed for effective ion 


transport and enhanced charge-transfer kinetics. Using the 
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complementary qualities of PANI and TAC, this asymmetric 
supercapacitor showed an ultrahigh energy density of 270 
uWh/cm? at a power density of 1400 1 W/cm’, and it continued 
to show an energy density of 251 uWh/cm? even at a higher 
power density of 2800 W/cm. Additionally, after 10,000 
charge-discharge cycles, EIS studies revealed outstanding 
cyclic stability, retaining around 95% of its original 
capacitance. Even after extended cycling, the TAC@CC 
electrode showed remarkable _ structural _integrity, 
demonstrating its stability and durability in the ionic liquid 
electrolyte. The study conducted by Shah et al. yielded results 


that demonstrate the great potential of conductive polymers, in 
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particular PANI, for the development of high-performance 


asymmetric supercapacitors. This development has _ the 
potential to make considerable progress in the field of energy 
storage technology. 

In the realm of supercapacitor development, the exploration of 
conductive polymers has intensified, with materials like PANI 
leading the charge in demonstrating exceptional performance. 
Recent advancements extend beyond PANI to include a 
such as PPy, 


(PA), 


variety of other 


(PTh), 


conductive polymers 


polythiophene and _ polyacetylene each 


contributing uniquely to the enhancement of supercapacitor 


functionalities. 
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Figure 2. (a) PANI electrochemical deposition synthetic procedures. (B) Electroechemical performances of the generated 


asymmetric supercapacitor; (a) CV curves recorded at varying scan rates; (b) areal capacitances obtained from CV at varying scan 


rates and GCD at varying current densities; (c) GCD profiles recorded at varying current densities; (d) Ragone plot; (e) capacitance 


retention and coulombic efficiency for up to 10,000 cycles; and (f) Nyquist plots with the fitted equivalent circuit diagram prior to 


and following stability testing of the asymmetric supercapacitor in ionic liquid electrolyte. Reproduced with permission [40]. 


Copyright 2023, Wiley. 
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These polymers are prized for their inherent electrical 
conductivity, ease of synthesis, and the ability to undergo 
rapid and reversible redox reactions, thereby offering 
significant improvements in energy density and capacitance. 
The superior performance of these conductive polymers in 
supercapacitors can be attributed to their pseudocapacitive 
nature, which involves Faradaic charge storage mechanisms, 
enabling higher specific capacitances compared to traditional 
electrostatic double-layer capacitors. Polypyrrole, for instance, 
is celebrated for its high electrical conductivity and excellent 
environmental stability, making it an ideal candidate for 
supercapacitor electrodes. Polythiophene, known for its 
tunable electrical properties and stability under varying 
conditions, contributes to the longevity and adaptability of 
supercapacitors. Polyacetylene, a pioneer in the field of 
conductive polymers, though less commonly used, offers 
insights into the potential of conjugated polymer systems in 
energy storage. These conductive polymers often undergo 
various functionalization and compositing strategies to further 
enhance their electrochemical properties. For instance, the 
incorporation of metal oxides or carbon-based materials with 
these polymers can lead to synergistic effects, resulting in 
improved electrical conductivity, ion transport, and overall 
electrochemical performance. The versatility and tunability of 
these materials, coupled with their ease of fabrication and 
potential for scalability, make them highly attractive for future 
supercapacitor applications. As research continues to uncover 
novel conductive polymers and optimize existing ones, these 
materials are poised to play a pivotal role in the advancement 
of high-performance and efficient supercapacitor technologies. 
3.3. Metal oxides and hydroxides 

Metal oxides and hydroxides represent a critical category of 
materials in the field of supercapacitors, particularly in the 
domain of pseudocapacitors. These materials, including 
widely studied ones like RuOz, MnO2, Co304, and Ni(OH)2, 
are known for their ability to undergo Faradaic redox reactions, 
which contribute significantly to the capacitance. This 


Faradaic process, involving the reversible oxidation and 
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reduction at the surface or near-surface of the material, allows 
for higher energy densities compared to purely electrostatic 
storage mechanisms found in EDLCs. The diversity in the 
oxidation states of these materials facilitates multiple redox 
reactions, thereby enhancing the specific capacitance. 
Moreover, the natural abundance and low cost of certain metal 
oxides and hydroxides, like MnO2, make them appealing for 
cost-effective supercapacitor applications. Their varied 
crystalline structures and the possibility to engineer their 
morphology and particle size present additional avenues to 
optimize their performance in energy storage applications 
[164]. 

The exploration of metal oxides and hydroxides in 
supercapacitors is driven by the pursuit of higher energy 
densities without significantly compromising power densities. 
These materials typically exhibit superior specific capacitance 
and energy density compared to carbon-based materials, 
making them suitable for applications where higher energy 
storage is a priority. However, the implementation of metal 
oxides and hydroxides in supercapacitors is not without 
challenges. One of the primary limitations is their relatively 
lower electrical conductivity compared to carbon materials or 
conductive polymers, which can be a bottleneck in achieving 
high power densities. Another concern is the cyclic stability; 
these materials often undergo structural changes during the 
charge-discharge cycles, which can lead to capacity fading 
over time. To address these challenges, current research is 
focused on creating composites or hybrids, combining metal 
oxides or hydroxides with highly conductive materials, such as 
carbon nanotubes or graphene. This approach aims to create a 
synergistic effect where the high energy density of metal 
oxides/hydroxides is complemented by the high conductivity 
and stability of carbon materials, leading to supercapacitors 
that can deliver both high energy and power densities while 
maintaining structural integrity over prolonged cycles. 

Thanks to their superior pseudocapacitive qualities and 
reversible redox reaction capabilities, which increases specific 
capacitance and energy density, metal oxides and hydroxides 


have shown to be very efficient for supercapacitors. In a 
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noteworthy work, Wang et al. made a number of NiCo-layered 
double hydroxides (NiCo-LDHs) at room temperature (Figure 
3A) with great success utilizing a novel ammonia diffusion 
approach [165]. These NiCo-LDHs show outstanding 
structural and electrochemical capabilities. Wang and 
colleagues conducted a study utilizing NiCo-LDHs' variable 
composition and affordability to synthesize and use them as 
pseudocapacitive electrodes. NiCo-LDHs were synthesized 
using an innovative ammonia diffusion process that 
distinguished itself from more traditional, intricate synthesis 
methods by its simplicity, eco-friendliness, and efficiency. 


The shape, structure, and elemental content of the produced 
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NiCo-LDHs were studied (Figure 3B). When the honeycomb 
NiCo-LDH was synthesized ideally, it showed an outstanding 
specific capacitance of 1463.2 F/g at a current density of | A/g, 
as shown by the electrochemical experiments in Figure 3C. 
Interestingly, the material had a capacitance retention of 
87.9% after 2000 charge-discharge cycles at a high current 
density of 20 A/g. It also maintained a rate capacity of 75.2% 
at that high current density. At a power density of 900 W/kg, 
the energy density of a hybrid supercapacitor design including 
NiCo-LDH and AC attained 23.4 Wh/kg, retaining 73.4% of 
its capacity after 5000 cycles. 
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Figure 3. (A) Schematic illustration showing how NiCo-LDHs arise. (B) TEM pictures of (e) NiCo-LDH0.6 honeycomb edge, (f) 
HRTEM image of NiCo-LDH0.6 with distinct grain boundaries, and (a) SEM images of (a) NiCo-LDH0.4, (b) NiCo-LDH0.5, (c) 
NiCo-LDH0.6, and (d) NiCo-LDH0.8. (C) (a) NiCo-LDH electrode CV curves at 30 mV/s, (b) NiCo-LDH electrode GCD 

curves at | A/g, and (c) NiCo-LDH electrode EIS curves. Reproduced with permission [165]. Copyright 2024, Elsevier. 
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The synthesis process of NiCo-LDHs was a critical aspect of 
this study. Wang et al. utilized ammonia water as a direct 
precipitant in a novel approach, countering the conventional 
challenges of fast reaction speeds and non-uniform particle 
sizes. By harnessing the easy evaporation and diffusion 
properties of ammonia in a controlled reaction environment, 
they achieved homogeneous particle synthesis at room 
temperature. This method's mild reaction conditions and 
scalability potential make it particularly suitable for industrial 
production. The resultant NiCo-LDHs displayed varied 
morphologies, with the NiCo-LDH0.6 showing a unique 
nanoflower-like structure with tightly packed nano lamellae, 
leading to a maximum specific surface area of 132.83 m/7/g. 
Electrochemical analyses of these NiCo-LDHs further 
substantiated their superior performance. CV curves of the 
electrodes revealed paired redox peaks, indicative of the 
reversible redox reactions of Ni?*/Ni** and Co**/Co* ions, 
with the NiCo-LDH0.6 electrode exhibiting the largest peak 
intervals, signifying the highest specific capacity [166-168]. 
GCD spectrograms corroborated these findings. EIS analyses 
demonstrated that NiCo-LDH0.6 had the fastest ion diffusion 
speed in the electrolyte and the lowest charge transfer 
resistance, attributes ascribed to its well-defined honeycomb 
structure and large specific surface area. These results 
collectively highlight the remarkable potential of NiCo-LDHs, 
especially the NiCo-LDH0.6 variant, in enhancing the 
performance of supercapacitors, paving the way for advanced 
energy storage solutions with high specific capacitance, energy 
density, and stability [65, 81, 169]. 

In recent years, the exploration of metal oxides and hydroxides 
for supercapacitors has gained considerable momentum, with 
several materials demonstrating excellent performance due to 
their unique electrochemical properties. Among these, RuOz, 
MnO2, Co304, and Ni(OH)2 have stood out as prominent 
examples. These materials are highly favored in the realm of 
supercapacitors for their ability to facilitate rapid and 
reversible redox reactions, thereby contributing to enhanced 
pseudocapacitance. For instance, RuO2 is renowned for its 


exceptional electrical conductivity and high capacitance, 
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making it an ideal candidate for high-performance 
supercapacitors. MnOz, on the other hand, is valued for its 
natural abundance, low cost, and environmental friendliness, 
despite having lower conductivity, which is often mitigated 
through composite formulations or nanostructuring. Co304 has 
emerged as a promising material due to its multiple oxidation 
states, which enable diverse redox reactions, thus enhancing its 
capacitive performance. Similarly, Ni(OH)2 is recognized for 
its high theoretical capacitance and is often utilized in hybrid 
supercapacitors to exploit its pseudocapacitive properties. 
These metal oxides and hydroxides exhibit a range of 
properties such as high surface area, optimal pore distribution, 
and structural stability, which are crucial for efficient charge 
storage and rapid charge-discharge cycles. Recent 
advancements have focused on nanostructuring these materials, 
doping with other elements, and creating composites with 
carbon-based materials to further improve their conductivity, 
stability, and overall electrochemical performance. The 
exploration of these metal oxides and hydroxides is driven by 
the need for supercapacitors with higher energy densities and 
longer life cycles, making them crucial components in the 
ongoing development of advanced energy storage systems. As 
research continues to optimize these materials, metal oxides 
and hydroxides are set to play an increasingly significant role 
in the future of supercapacitor technology, offering promising 
avenues for enhanced energy storage solutions. 

3.4. Emerging and hybrid composite materials 

The evolution of supercapacitor technology is increasingly 
pivoting towards emerging and hybrid materials, including 
composite materials, MOFs, and MXenes, owing to their 
promising properties and potential to overcome the limitations 
of conventional materials. Composite materials, created by 
combining two or more distinct materials, leverage the 
synergistic properties of each component, such as the high 
conductivity of carbon materials with the high capacitance of 
metal oxides or conductive polymers. This combination 
enhances overall performance, achieving a balance between 


energy density, power density, and cyclic stability. MOFs, 


known for their highly porous crystalline structures, have 
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garnered attention due to their vast surface areas and 
customizable pore sizes, which are ideal for efficient charge 
storage and ion transport. MXenes, a relatively new class of 
two-dimensional materials, exhibit excellent electrical 
conductivity, mechanical flexibility, and a hydrophilic nature. 
Their layered structures provide rapid electron and ion 
transport pathways, making them particularly suitable for 
high-rate supercapacitors [170-173]. 

The exploration of these emerging and hybrid materials is 
primarily driven by the quest to transcend the energy and 
power limitations of traditional supercapacitors. Composite 
materials, for instance, address the trade-off between energy 
and power densities by combining the best of both worlds — 
the capacitive behavior of conductive polymers or metal 
oxides and the high conductivity of carbon materials. MOFs, 
with their tunable composition, offer the flexibility to tailor the 
electrochemical properties of the supercapacitor, enhancing its 
performance and efficiency. Similarly, MXenes, with their 
unique two-dimensional structure, contribute to the 
development of supercapacitors that exhibit both high 
capacitance and excellent rate capability. However, these 
advanced materials also bring challenges, particularly in terms 
of scalability, cost, and integration into existing supercapacitor 
manufacturing processes. Ensuring the long-term stability and 


reliability of these materials under operational conditions 
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remains a critical area of research. The focus on addressing 
these challenges and the continued exploration and 
optimization of these materials is pivotal in advancing 
supercapacitor technology to meet the growing demands for 
efficient, high-performance energy storage solutions [174, 
175]. 

Various emerging and hybrid composite materials, including 
telluride-based materials, ZnO-CeO2 nanocomposite, and 
Fe304, are playing a pivotal role in the development of 
advanced and_ efficient supercapacitors, significantly 
enhancing their performance and energy storage capabilities 
[47, 176-178]. The ability of emerging and hybrid materials to 
combine several beneficial qualities, such increased surface 
area, higher electrical conductivity, and enhanced redox 
activity, is making them more and more effective for 
supercapacitors. Higher power densities and enhanced energy 
storage capacities are the results of these synergistic properties. 
The synergistic benefits of MnCO204/Co3V20s composite 
nanomaterials, which were created via a unique secondary 
hydrothermal and calcination technique, were documented by 
Yu et al. in their breakthrough study [179]. As seen in Figure 
4, these materials exhibited remarkable structural and 
electrochemical characteristics, rendering them extremely 


appropriate for use as high-performance supercapacitor 


electrodes. 
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Figure 4. Diagram illustrating the MnCO204/Co3V20g composite nanomaterials' synergistic impact for high-performance 


supercapacitor electrodes. Reproduced with permission [179]. Copyright 2024, Elsevier. 
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The MnCO204/Co3V20g composites combine the battery-like 
charge storage behaviour of MnCO2O04 with the special 
intercalation/delamination reaction of Co3V203s, a 
pseudocapacitive material [180]. 

A notable interfacial and synergistic impact is produced by the 
combination of these several reaction processes, and the 
product is outstanding electronic conductivity, enhanced 
electrochemical activity, and high reversible capacity. The 
synthesized ©MnCO20,4/Co3V20g nanomaterial's specific 
capacitance, which peaked at 1460 F/g at a current density of 1 
A/g, was very remarkable. Moreover, at a high current density 
of 10 A/g, the material showed remarkable capacitance 
84.61% after 3500 cycles. With 


MnCO204/Co3V20g and AC hybrid supercapacitors, an 


retention of 


impressive energy density of 37.5 mAh/g was attained. Even 
after 28,000 charge-discharge cycles, the electrochemical 
performance was steady, holding 98.6% of its initial capacity. 
This work highlights the advantages of mixing various metal 
oxides and hydroxides to obtain improved performance, 
demonstrating the promise of employing composite 
nanomaterials in supercapacitors. With their high specific 
capacitance and energy density, the MnCO204/Co3V20s 
nanocomposites established a new standard for supercapacitor 
electrode materials and opened up exciting new possibilities 
for energy storage technologies in the future. 

The realm of supercapacitor technology has recently witnessed 
a surge in the development of emerging and hybrid materials, 
leading to significant performance enhancements in energy 
storage applications. Among these innovative materials, 
MOFs, MXenes, and various carbon/metal oxide composites 
have been particularly noteworthy. MOFs, with their highly 


porous crystalline structures, offer vast surface areas for 


efficient charge storage and tunable pore sizes for ion 


transport, making them ideal for high-capacity supercapacitors. 


MxXenes, a family of two-dimensional transition metal 
carbides and nitrides, have gained attention for their 
extraordinary electrical conductivity, mechanical flexibility, 
and hydrophilic nature, which contribute to rapid charge 


transfer and high power density in supercapacitors. Hybrid 
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materials combining carbonaceous substrates with metal 
oxides, such as graphene/RuO2 or carbon nanotube/MnO2 
composites, have shown exceptional results due to the 
synergistic effects between the high surface area and 
conductivity of carbon materials and the pseudocapacitive 
properties of metal oxides. These composites not only enhance 
the energy density but also improve the cyclic stability and 
rate capability of supercapacitors. Additionally, research in 
heterostructured hybrids, such as conductive polymer/MXene 
or MOF/carbon nanotube composites, has opened new 
frontiers in supercapacitor development. These materials 
leverage the distinct advantages of each component, such as 
the high capacitance of conductive polymers and the structural 
integrity of carbon nanotubes, resulting in supercapacitors 
with improved energy storage capacities and operational 
stabilities [181]. The exploration and optimization of these 
emerging and hybrid materials are driven by the need for 
supercapacitors with higher energy densities, longer life cycles, 
and better rate performances. As research continues to uncover 
and harness the full potential of these materials, they are set to 
play a pivotal role in the advancement of supercapacitor 
technology, offering promising solutions for efficient and 
sustainable energy storage in various applications. 

As we explore the realm of supercapacitor technology, it is 
imperative to understand the diverse electrode materials that 
play a crucial role in their performance. Table 1 provides a 
comprehensive overview of these materials, including carbon 
materials, conductive polymers, metal oxides and hydroxides, 
and emerging hybrid and composite materials, each offering 
unique properties and applications in the field of energy 


storage. 
4. Electrolytes for supercapacitors and their 
properties 

Electrolytes play a crucial role in the performance of 
supercapacitors, acting as the medium for ion transport 
between electrodes during the charge and discharge cycles. 
The choice of electrolyte significantly impacts the capacitance, 
energy and power densities, voltage window, and overall 


stability of the supercapacitor. 
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Table 1. Comparative overview of electrode materials for supercapacitors. 


Electrode Material Key Properties 


High surface area, 
excellent electrical 
conductivity, chemical and 
thermal stability, flexible 
structure 


Carbon Materials 


High electrical 
conductivity, rapid and 
reversible redox reactions, 
tunable electrical and 
physical properties 


Conductive Polymers (PTh) 


High theoretical 
capacitance, multiple 


Metal Oxides and reteen 
oxidation states for redox 


Hydroxides . 
reactions, good energy 
density 
Synergistic properties, 
enhanced electrical 
Emerging Hybrid and conductivity and 


Composite Materials capacitance, improved 


stability, and energy 
density 


Aqueous electrolytes, commonly comprising sulfuric acid or 
potassium hydroxide solutions, are notable for their high ionic 
conductivity and low cost [182-184]. They contribute to the 
high power density of supercapacitors but are limited by a 
narrow operational voltage window, typically up to 1.23V, due 
to water electrolysis. Organic electrolytes, such as acetonitrile 
or propylene carbonate with dissolved salts, offer a wider 
voltage window (up to 2.5-2.7V), leading to higher energy 
densities. However, they often come with challenges like 
lower ionic conductivity compared to aqueous electrolytes and 
higher costs [185]. 

In the pursuit of enhanced performance, ionic liquids and gel 
or solid-state electrolytes have emerged as advanced options. 
Ionic liquids, composed of organic salts that remain liquid at 
room temperature, are attractive due to their wide 
electrochemical stability window, non-flammability, and high 


thermal stability. They enable supercapacitors to operate over 


www,jspae.com 


Examples 


AC, CNTs, graphene 


PANI, PPy, polythiophene 


RuO2, MnO2z, Co304, Ni(OH)2 


MOFs, MXenes, graphene/metal 
oxide composites 


Applications 


EDLCs, flexible supercapacitors 


Pseudocapacitors, wearable electronics 


Pseudocapacitors, high-energy density 
supercapacitors 


Advanced energy storage systems, 
high-performance supercapacitors 


a broader voltage range, thereby increasing energy density. 
However, their higher viscosity and cost compared to 
traditional electrolytes are aspects that need addressing. Gel 
and solid-state electrolytes represent a leap towards safer and 
more flexible supercapacitors. These electrolytes not only 
eliminate leakage risks associated with liquid electrolytes but 
also enable the fabrication of flexible and _ thin-film 
supercapacitors. Gel electrolytes, which are essentially liquid 
electrolytes immobilized in a polymer matrix, combine the 
high ionic conductivity of liquid electrolytes with the 
mechanical stability of solid electrolytes. Solid-state 
electrolytes, although offering excellent safety and form factor 
flexibility, currently face challenges like lower ionic 
conductivity and interfacial resistance issues. The ongoing 
research in electrolyte technology, focusing on optimizing 
conductivity, stability, and compatibility with electrode 


materials, is integral to advancing supercapacitor performance 
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and broadening their application spectrum [186-192]. 
4.1. Aqueous electrolytes 
Aqueous electrolytes have been a cornerstone in the 


development of supercapacitors due to their inherent 
advantages, such as high ionic conductivity, low cost, and 
environmental friendliness. Predominantly, these electrolytes 
are composed of water as the solvent with dissolved salts that 
dissociate into ions, facilitating charge transfer. The most 
common types of aqueous electrolytes include sulfuric acid 
(H2SO.), potassium hydroxide (KOH), and sodium sulfate 
(Na2SOq). Each of these offers distinct electrochemical 
properties. For instance, H2SOs is widely used due to its high 
ionic conductivity and low equivalent series resistance (ESR), 


leading to superior power capabilities. KOH, on the other hand, 


is preferred for its high pH stability range and the formation of 
a quasi-solid electrolyte interface, which enhances cycle life. 
Sodium sulfate is another viable option, known for its safety 
and non-toxic nature, though it offers lower conductivity than 
the other two [193]. 

The significance of aqueous electrolytes in supercapacitors 
largely stems from their operational safety and simplicity in 
handling, making them suitable for a wide range of 
applications. One of the key properties of aqueous electrolytes 
is their potential range, which is typically limited to 1.0-1.23V 
due to the electrolysis of water. This narrow operational 
window can be a limitation in terms of the energy density 
achievable with electrolytes. of their 


aqueous scope 


application in advanced energy storage systems. 
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Figure 5. (A) Diagram demonstrating the importance of electrode materials and electrolytes in supercapacitors. (B) The CV 


curves of AC 1 M NazSOg (a), AC 2 M NaClOg (b), and P-rGO 2 M NaClOg4 (c) were obtained in the three-electrode 


arrangement at a scan rate of 10 mV/s. The green and violet lines, respectively, represent the material behaviour for its 


symmetric counterpart in the voltage range of the positive and negative electrodes. Reproduced with permission [194]. 


Reproduced under the term C.C. By 4.0. Copyright 2023, Gajewska et al., Springer Nature. 
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However, recent advancements have led to the development of 
"water-in-salt" electrolytes, which significantly expand the 
voltage window up to 3V, thereby enhancing the energy 
density. Despite their lower energy density compared to 
organic or ionic liquid electrolytes, aqueous electrolytes 
exhibit faster ion transport and higher power densities. They 
are also characterized by lower viscosity and easier ion 
movement, which contribute to reduced internal resistance and 
excellent charge-discharge rates. Moreover, the environmental 
benignity and cost-effectiveness of aqueous electrolytes make 
them highly attractive for large-scale and _ sustainable 
supercapacitor applications. The ongoing research in this 
domain is focused on enhancing the voltage window and 
stability of aqueous electrolytes while maintaining their 
inherent advantages, thereby broadening the Supercapacitors 
benefit greatly from the excellent ionic conductivity and 
environmental friendliness of aqueous electrolytes. These 
characteristics significantly improve the device's overall 
performance and sustainability. Gajewska et al. produced 
outstanding electrochemical performances in their examination 
of the influence of carbon material and electrolytes on the 
electrochemical performance of high-voltage aqueous 
symmetric supercapacitors, as Figure 5A [194] illustrates. 

To increase the energy storage capacity of environmentally 
friendly devices, Gajewska et al. addressed the issue of 
boosting the operating voltage of aqueous supercapacitors 
over the electrolyte breakdown limit in their study. Using both 
synthetic P-rGO and commercial AC, the scientists 
investigated the effects of surface chemistry and textural 
features on the electrochemical performance of high-voltage 
aqueous supercapacitors. In a symmetric cell design, the study 
compared two types of materials: highly porous AC and 
heteroatom-rich P-rGO with lower porosity. An electrolyte of 
2 M NaClO, was utilized in this setup. It operated within a 
broad 2.0 V voltage window. Additionally, the performance of 
the AC-based cell was evaluated in a 1 M Na2SOz, solution, 
illustrating differences in performance between sodium-based 
electrolytes. The results demonstrated that a porous structure 


and a significant heteroatom contribution, which enhances 
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electrode hydrophilicity, are necessary to achieve high specific 
energy density values. The built-in supercapacitors showed an 
amazing specific energy density of up to 13 Wh/kg at a power 
density of 30 W/kg. In order to determine potential electrode 
windows, the study also included CV measurements utilizing a 
three-electrode design. The CV curves for AC in 1 M NazSO4 
and P-rGO in 2 M NaClOs, which depict electric double-layer 
capacitance and pseudocapacitive behaviour, respectively, 
showed semi-rectangular shapes (Figure 5B). In 2 M NaClOa, 
the AC showed discrete redox peaks at the curve's edges and 
rectangular shapes, indicating electrolyte breakdown at certain 
voltages. Gajewska et al. concluded that in order to obtain 
successful functioning in supercapacitors, careful 
consideration of both material properties (such as resistivity, 
surface chemistry, and porous structure) and electrolyte type is 
required. Outstanding charge storage properties were shown 
by the symmetric devices based on AC electrodes in 1 M 
NazSOg, including a maximum specific capacitance of 94 F/g 
at 0.2 A/g and an energy density of 13 Wh/kg. The study's 
findings showed that symmetric arrangements with neutral 
aqueous electrolytes might be extremely effective energy 
storage devices with widespread applications in sustainable 
energy solutions. 

Recent advancements in supercapacitor technology have seen 
a burgeoning interest in various aqueous electrolytes, which 
are being increasingly recognized for their excellent 
performance in energy storage applications. Notable among 
these are electrolytes based on lithium sulfate (Li2SO,), 
potassium hydroxide (KOH), and zinc sulfate (ZnSO), each 
bringing distinct advantages to supercapacitor functionality. 
Li2zSOg, for instance, is appreciated for its ability to enhance 
the ionic conductivity of the electrolyte, thereby improving the 
charge-discharge efficiency of supercapacitors [195]. KOH, a 
traditional choice in aqueous electrolytes, continues to be 
favored for its high ionic mobility and compatibility with a 
wide range of electrode materials, contributing to high power 
densities and fast charge transfer in supercapacitors. Zinc 
sulfate (ZnSO4) has emerged as a promising electrolyte, 


particularly in hybrid supercapacitors, due to its stable 
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operating window and the added benefit of contributing to the 
redox reactions at the electrode surface. These aqueous 
electrolytes, with their relatively low decomposition voltages, 
offer a safer and more environmentally benign alternative to 
organic electrolytes, while still providing commendable 
electrochemical performance. Recent studies have also 
explored innovative approaches such as_ water-in-salt 
electrolytes, where a high concentration of salt in water 
extends the electrochemical stability window, pushing the 
boundaries of energy density achievable with aqueous 
electrolytes. Additionally, the use of hybrid aqueous 
electrolytes, combining different salts, has shown potential in 
tailoring the electrolyte properties to suit specific electrode 
materials and supercapacitor configurations. Such 
developments are crucial in the pursuit of high-performance, 
cost-effective, and eco-friendly supercapacitors. The 
continuous evolution and optimization of aqueous electrolytes 
are poised to significantly contribute to the advancement of 
supercapacitor technology, catering to the growing demand for 
efficient and sustainable energy storage solutions. 

4.2. Organic electrolytes 

Since organic electrolytes offer long operating voltage 
windows and high energy densities, they have become an 
important part of the supercapacitor — technological 
development. These electrolytes provide a wider range of 
electrochemical stability than their watery counterparts since 
they are made up of an organic solvent and a dissolved salt. 
Propylene carbonate (PC), ethylene carbonate (EC), and 
acetonitrile (ACN) are common solvents that are utilized; each 
gives the electrolyte a special set of characteristics. For 
example, ACN is used because of its high dielectric constant 
and low viscosity, which promote quick ion movement and 
maximize power density. The electrolyte's thermal stability is 
enhanced by solvents with higher boiling points, such as PC 
and EC. Salts that breakdown into ions in the solvent to 
facilitate charge transfer processes are known as quaternary 
ammonium salts, such as 


tetrafluoroborate (TEABF4) — or 
hexafluorophosphate (TEAPFs) [51, 196-199]. The longer 


tetraethylammonium 


tetraethylammonium 
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potential windows of organic electrolytes, which are 
frequently as high as 2.5—2.7 V, are essential for increasing 
supercapacitors' ability to store energy. According to the 
relationship E = 1/2 CV’; this greater range translates into 
higher voltage operation, which in turn results in enhanced 
energy density. But throughout this wide voltage range, the 
electrochemical stability of the electrolyte and the electrode 
materials is what determines the supercapacitor's operating 
stability. Although organic electrolytes have larger energy 
densities than aqueous electrolytes, they frequently have 
poorer ionic conductivities, which can affect power 
performance. In addition, there are other problems that must 
be resolved, including increased expense, flammability, and 
environmental concerns in comparison to aqueous electrolytes. 
Despite these obstacles, there is still a strong market for 
organic electrolytes in applications like electric cars and 
portable gadgets that need large amounts of energy storage. 
The goal of this field's ongoing research is to create novel 
organic solvents and salt combinations that will increase the 
electrolytes' performance qualities while lowering prices, 
expanding their potential window, and improving their safety 
profile. This advancement is essential to the supercapacitor 
technology's future scalability and range of applications [200, 
201]. 

When compared to aqueous electrolytes, organic electrolytes 
have larger energy densities and broader operating voltage 
windows, which greatly improve the performance of 
supercapacitors. Li et al. reported on the creation of an organic 
electrolyte that is inherently non-flammable for 
supercapacitors that operate over a wide temperature range 
and have outstanding electrochemical capabilities [202]. Li 
and colleagues conducted a unique study whereby they 
introduced a binary electrolyte based on non-flammable 
triethyl phosphate (TEP) to solve safety problems related to 
standard organic electrolytes. When paired with 1-butyl-3- 
methylimidazolium  tetrafluoroborate (EMIMBF4), _ this 
electrolyte showed enhanced ionic conductivity and decreased 
viscosity because TEP effectively broke the hydrogen link in 
EMIMBF, ion pairs [203]. The researchers looked at the 
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interactions inside this unique electrolyte using nuclear 
magnetic resonance (NMR), Raman spectroscopy, and Fourier 
transform infrared spectroscopy (FTIR). This electrolyte was 
coupled with carbon nanosheet electrodes to produce an 
efficient symmetric supercapacitor that functioned well across 
a broad temperature range (—20 °C to 80 °C) [12, 64, 99, 204]. 
Figure 6a-d shows the remarkable capacitance retention of 
86.5% after 10,000 cycles, low self-discharge rate, and high 
energy density of 52.1 Wh/kg and 19.7 kW/kg that this 
supercapacitor produced. After prolonged storage, the stability 
and homogeneity of the electrolyte were confirmed by 
EMIMBF%'s solubility in TEP. The greater non-flammability 
of the TEP-based electrolyte over traditional AN and PC- 
based electrolytes was demonstrated by the flammability tests, 


which enhanced the supercapacitor's safety profile. After 
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optimizing the ionic conductivity and viscosity of the TEP- 
based electrolyte at various concentrations, it performed 
comparably to PC-based electrolytes and exhibited greater 
conductivity than pure EMIMBF4. Figure 6e illustrates how 
the TEP-based electrolyte is suitable for supercapacitor 
applications across a wide temperature range since this 
optimized conductivity was maintained even at below-freezing 
temperatures. The results of the study by Li et al. show that 
EMIMBF4/TEP is a potential non-flammable electrolyte that 
offers the best overall performance in terms of safety, stability, 
cost, energy, and power densities in addition to a wider 
temperature range at which supercapacitors may be used. The 


creation of safe, effective, and adaptable supercapacitors for a 


variety of applications has advanced significantly because of 


this effort. 
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Figure 6. (a) Digital images of the electrolytes EMIMBF4, EMIMBF4/AN, EMIMBF4/PC, and EMIMBF4/TEP. (a) Glass fibre 


separators soaked in various electrolytes and TEP solvent were put through an ignition test. (c) At room temperature, 


EMIMBF,/TEP's ionic conductivity and viscosity in relation to salt concentration. (d) Ionic conductivity values of EMIMBF4, 


EMIMBF,4/PC, and EMIMBF,/TEP electrolytes as a function of temperature. (e) A digital thermometer that operates correctly at 


various temperatures thanks to a symmetric supercapacitor based on the EMIMBF4/TEP. Reproduced with permission [202]. 


Copyright 2023, Elsevier. 
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The discovery of several organic electrolytes, each with 
outstanding performance properties, has greatly aided in the 
growth of supercapacitor technology. Prominent among these 
are electrolytes based on acetonitrile (AN), ethylene carbonate 
(EC), and propylene carbonate (PC), which have proved 
crucial in improving supercapacitors' ability to store energy. 
Propylene carbonate enhances the charge-discharge efficiency 
by facilitating greater ion mobility due to its low viscosity and 
high dielectric constant. To construct electrolytes that offer a 
compromise between strong ionic conductivity and large 
electrochemical stability windows, which are essential for 
obtaining high energy and power densities, ethylene carbonate 
is frequently employed in conjunction with other solvents, 
such as dimethyl carbonate (DMC). Acetonitrile is used as a 
solvent in high-performance electrolytes because of its low 
boiling point and good solvating qualities, which promote 
quick ion movement and low internal resistance. Additionally, 
recent studies have concentrated on the development of mixed 
solvent systems, in which salts such as tetraethylammonium 
tetrafluoroborate (TEABF,4) or lithium hexafluorophosphate 
(LiPFs) are mixed with solvents like PC and EC to create 
electrolytes that provide improved operating safety and 
thermal stability. Furthermore, the investigation of new 
additives and co-solvents has resulted in the development of 
electrolytes that enhance the voltage window and cycle 
stability, two more supercapacitor performance factors. These 
developments in organic electrolytes are essential to the 
ongoing progress of supercapacitor technology, providing 
viable routes to energy storage systems that are highly 
effective, long-lasting, and adaptable. The significance of 
novel organic electrolytes in supercapacitors will rise in 
importance as the need for more durable and dependable 
energy storage systems increases, propelling the shift to more 
environmentally friendly and highly effective energy storage 
technologies. 

4.3. Ionic liquids 

Supercapacitors have attracted a lot of attention to ionic 


liquids, a new class of electrolytes because of their special 
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qualities and improved performance. At room temperature, 
they are essentially liquid salts made up of inorganic or 
organic anions and organic cations. The most remarkable 
feature of supercapacitors is their extraordinarily broad 
electrochemical stability window, which frequently exceeds 4 
V and significantly raises their energy density. One-butyl-3- 
methylimidazolium hexafluorophosphate (BMIM-PFe) and 1- 
ethyl-3-methylimidazolium tetrafluoroborate (EMIM-BF4) are 
examples of ionic liquids that are often utilized. Because of 
these ionic liquids' excellent thermal stability and lack of 
volatility, supercapacitors are more reliable and_ stable 
throughout a broad temperature range. Supercapacitors' safety 
profile is further improved by the non-flammability of ionic 
liquids, particularly when compared to organic electrolytes. In 
addition, they are more desirable for high-performance 
applications because to their better conductivity and lower 
vapour pressure as compared to solid electrolytes [205-208]. 
The use of ionic liquids in  supercapacitors creates 
opportunities for high-energy storage devices that can function 
safely in high-voltage and temperature environments. For 
applications requiring high energy density, such electric cars 
and renewable energy systems, this wide operating range is 
essential. Ionic liquid application does, however, come with 
certain difficulties. Their comparatively high viscosity in 
comparison to conventional aqueous and organic electrolytes 
is one of the main issues, as it might hinder ion mobility and, 
as a result, the supercapacitor's power output. Furthermore, 
ionic liquids are often more expensive than traditional 
electrolytes, which might be a barrier for large-scale 
applications. Ongoing research is concentrated on the 
synthesis of new ionic liquids with reduced viscosity and cost, 
as well as on the design of electrode materials that can fully 
utilize the wide voltage range provided by these electrolytes, 
in order to optimize the performance of supercapacitors using 
these electrolytes. These developments are essential to 
realizing the full potential of ionic liquids and laying the 
groundwork for the next wave of supercapacitors, which will 


be highly efficient, secure, and stable [21, 209-212]. 
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Figure 7. The functionality of ionic liquids based on ethanolamines as innovative environmentally friendly electrolytes for 


electrochemical energy storage applications and the charge propagation dynamics of AC-based supercapacitors in a two- 


electrode cell assembly using [HEA]F, [HEA]A, and [HEA]P ILs. Reproduced with permission [213]. Copyright 2024, Elsevier. 


Supercapacitors benefit greatly from the large electrochemical 
stability windows and high ionic conductivities of ionic 
liquids, which also increase the devices' operating safety and 
energy storage capacity. Excellent electrochemical 
performances were attained by Mirzaei-Saatlo et al. when they 
investigated the performance of ethanolamine-based ionic 
liquids as innovative green electrolytes for electrochemical 
energy storage applications [213]. Figure 7 illustrates how 
Mirzaei-Saatlo et al.'s work presented monoethanolamine- 
based ionic liquids with formate, acetate, and propionate 
anions ((HEA]F, [HEA]A, and [HEA]P) as simple, affordable, 
and environmentally acceptable electrolytes for AC-based 
supercapacitors. The electrochemical stable potential window 
(ESPW) and ionic conductivity of these ionic liquids were 
evaluated, showing encouraging outcomes for supercapacitor 
applications. EIS, CV, linear sweep voltammetry (LSV), and 
GCD are examples of electrochemical tests that were 
performed to assess these ionic liquids’ electrolytic 
performance. It was found that as the size of the ILs' anions 


shrank, so did the charge transfer resistance (Ret) and solution 
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resistance (Rs). At a scan rate of 10 mV/s, the specific 
capacitance of the supercapacitors made using [HEAJ]F, 
[HEAJA, and [HEA]P ionic liquids were 114, 95, and 73 F/g, 
respectively. A notable improvement in supercapacitor 
performance was made by the [HEAJF ionic liquid 
supercapacitor, which attained a maximum power density of 
2941 W/kg and an energy density of 70 Wh/kg. Furthermore, 
after 5000 charge-discharge cycles, the supercapacitors made 
with these electrolytes showed outstanding capacitance 
retention, demonstrating the promise of ethanolamine-based 
ionic liquids as high-performing and sustainable electrolytes 
for supercapacitors. The dynamics of charge propagation in 
these ethanolamine-based ionic liquids were also examined in 
detail, and the results demonstrated the critical roles that ion 
mobility, molecule structure, and ion-solvent interactions play 
in controlling charge transport. The study shed important light 
on the interactions between ion migration and diffusion in the 
ionic liquid medium and the processes behind the 
electrochemical behaviour of the supercapacitors. The superior 


electrochemical performance and _ stability of AC-based 
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supercapacitors using these innovative ionic liquids were 
confirmed by experimental observations and analytical 
techniques used in the study, opening up a promising path for 
the development of efficient and environmentally friendly 
energy storage systems. The use of ionic liquids in 
supercapacitors creates opportunities for high-energy storage 
devices that can function safely in high-voltage and 
temperature environments. For applications requiring high 
energy density, such electric cars and renewable energy 
systems, this wide operating range is essential. Ionic liquid 
application does, however, come with certain difficulties. 
Their comparatively high viscosity in comparison to 
conventional aqueous and organic electrolytes is one of the 
main issues, as it might hinder ion mobility and, as a result, the 
supercapacitor's power output. Furthermore, ionic liquids are 
often more expensive than traditional electrolytes, which 
might be a barrier for large-scale applications. Ongoing 
research is concentrated on the synthesis of new ionic liquids 
with reduced viscosity and cost, as well as on the design of 
electrode materials that can fully utilize the wide voltage range 
provided by these electrolytes, to optimize the performance of 
supercapacitors using these electrolytes. These developments 
are essential to realizing the full potential of ionic liquids and 
laying the groundwork for the next wave of supercapacitors, 
which will be highly efficient, secure, and stable. 

Ionic liquids (ILs) have been investigated extensively in 
supercapacitors, and several new formulations have shown 
impressive performance gains. Prominent examples of ionic 
liquids with superior electrochemical properties in 
supercapacitors have been reported. These include 1-ethyl-3- 
methylimidazolium tetrafluoroborate (EMIMBF,), 1-butyl-1- 
methylpyrrolidinium bis(trifluoromethanesulfonyl)imide 
(Pyrl4TFSI), and 1-ethyl-3-methylimidazolium thiocyanate 
(EMIMSCN). Because of its exceptional thermal stability and 
excellent ionic conductivity, EMIMBF, is a good choice for 


supercapacitors that must function in harsh environments. 


Pyrl4TFSI is renowned for having a large electrochemical 
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window and low viscosity, both of which improve 
supercapacitors' charge-discharge speeds and energy density. 
Supercapacitors function well at low temperatures and have 
high capacitance because of EMIMSCN's_ exceptional 
solvation capabilities and low melting point, which are a result 
of its distinct anion composition. Because of their inherent 
non-volatility, low flammability, and excellent 
electrochemical stability, these ionic liquids have excelled in 
supercapacitors, enhancing their overall longevity and safety. 
Furthermore, the performance of supercapacitors may be 
further improved by optimizing characteristics including 
viscosity, ionic conductivity, and interaction with electrode 
materials by the modification of ILs' chemical composition. 
Ionic liquids' adaptability in combining with different 
additives or solvents creates opportunities for the creation of 
hybrid electrolytes that can solve certain problems like 
electrode compatibility or operating temperature range. Ionic 
liquids are becoming more and more important in the creation 
of safe, reliable, and eco-friendly supercapacitors as research 
into the material advances. This represents a breakthrough in 
the field of energy storage technology. 

4.4. Gel and solid-state electrolytes 

Gel and solid-state electrolytes represent a transformative shift 
in supercapacitor technology, offering unique advantages in 
terms of safety, form factor, and mechanical stability. Gel 
electrolytes, typically formed by immobilizing — liquid 
electrolytes within a polymer matrix, combine the high ionic 
conductivity of liquid electrolytes with the structural integrity 
of solid materials. Common polymers used in gel electrolytes 
include poly(vinyl alcohol) (PVA), polyethylene oxide (PEO), 
and polyacrylonitrile (PAN), often mixed with traditional 
aqueous or organic electrolytes [214-216]. Solid-state 
electrolytes, on the other hand, eliminate the liquid component, 
and are primarily composed of ion-conducting polymers or 
inorganic materials. They offer exceptional safety by 
removing the risks of leakage and flammability associated 


with liquid electrolytes. 
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Figure 8. Novel biocompatible gel electrolytes and nitrogen-doped AC produced from biomass for use in solid-state 


supercapacitors. Reproduced with permission [221]. Copyright 2023, Elsevier. 


The potential ranges of gel and solid-state electrolytes can 
vary, but generally, they aim to match or exceed those of their 
liquid counterparts, often striving for operational windows of 
up to 3-4 V to maximize energy storage [217-220]. The use of 
gel and solid-state electrolytes in supercapacitors is important 
because it makes wearable and flexible energy storage 
solutions possible, an increasingly popular use in 
contemporary electronics. Without sacrificing performance, 
supercapacitors may be included into a variety of form factors, 
such as bendable and rollable devices, because of the 
mechanical flexibility and durability of these electrolytes. 
These electrolytes are also excellent for harsh environment 
applications because of their improved thermal stability and 
wide operating temperature range. Notwithstanding, several 
obstacles persist, namely with ionic conductivity and 
interfacial resistance in contrast to liquid electrolytes. Gel 
electrolytes can nonetheless have poorer ion mobility even 
when they have better conductivity than their completely 
solid-state counterparts. Solid-state electrolytes, on the other 


hand, have problems because of their increased interfacial 
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resistance and possible incompatibilities with electrode 
materials. Thus, the goal of this field's continuing research is 
to create novel materials and fabrication processes that will 
improve these electrolytes' ionic conductivity and lower their 
interfacial resistance. To fully use next-generation 
supercapacitors, gel and solid-state electrolyte development is 
essential, especially for applications requiring high safety, 
flexibility, and integration with innovative electronic devices. 

The stability, safety, and flexibility of gel and solid-state 
electrolytes make them effective for supercapacitors because 
they allow for the creation of flexible and leak-proof energy 
storage devices. Excellent electrochemical performances were 
demonstrated in Selvaraj et al.'s article [221] on the creation of 
nitrogen-doped AC generated from biomass and innovative 
biocompatible gel electrolytes for solid-state supercapacitor 
applications. Using red beetroot (Beta vulgaris L.) as a 
biomass precursor, Selvaraj et al. synthesized microporous 
nitrogen-doped AC (NACBR) with an increased specific 
surface area (SSA) of 2200 m?/g and a distinct sponge-like 


porosity (Figure 8). In vitro cytotoxic tests revealed this 
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structure to be biocompatible, which increases its use for 
implanted medical devices. The specific capacitance of the 
electrode material was enhanced by nitrogen doping in the 
carbon structure, which also raised its surface wettability and 
conductivity. In 1 M NazSOq electrolyte, the NACBR 
electrode demonstrated a high specific capacitance of 492 F/g 
at a current density of 1 A/g, according to electrochemical 
measurements. To build biocompatible solid-state 
supercapacitors that might power implanted medical devices, 
the study also investigated the usage of Na2SOu, phosphate- 
buffered saline (PBS), and simulated bodily fluid (SBF) gel- 
electrolytes. The research's last section emphasized how 
NACBR's high SSA and hierarchical porous structure enable it 
to store a tremendous amount of charge. It was determined 
that the synthesized NACBR was biocompatible, which gives 


it potential use in biomedical applications. Utilizing the three 


gel electrolytes, solid-state supercapacitors were constructed, 


with specific capacitances of 348, 284, and 164 F/g in 1 M 
Na2SOa, PBS, and SBF gel electrolytes, respectively, at 1 A/g. 
With almost 100% capacity retention over 5000 cycles, these 
devices demonstrated outstanding cyclic stability. Notably, the 
supercapacitor with the 1 M NazSOzg gel electrolyte produced a 
500 W/kg power density and 12 Wh/kg energy density. The 
supercapacitors' operating range was increased by the 
increased electrochemical potential windows seen in the 
NazSOg and PBS gel electrolytes. In addition, these devices 
were shown to be useful in real-world situations by powering 
an LED. The research conducted by Selvaraj and colleagues 
makes a noteworthy contribution to the field of biocompatible 
energy storage. It highlights the potential uses of carbon 
produced from biomass and gel electrolytes in the creation of 
solid-state supercapacitors for medical and other flexible 


electronics applications. 


Table 2. Key properties, examples, and applications of various electrolytes in supercapacitors. 


Electrolyte Type Key Properties 


High ionic conductivity, 
environmental friendliness, low 
cost, narrow operational voltage 

window 


Aqueous electrolytes 


Wide operational voltage 
window, higher energy 
densities, low flammability, 
higher cost 


Organic electrolytes 


Wide electrochemical stability 
window, high thermal stability, 
non-volatility, non-flammability 


Tonic liquids 


Leak-proof, flexible, safer, 
stable, suitable for flexible and 
thin-film supercapacitors 


Gel and solid state 
electrolytes 


The development of several gel and solid-state electrolytes has 
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H2SO4, KOH, Na2SO4 


Propylene carbonate (PC), 
ethylene carbonate (EC), 
acetonitrile (AN) 


EMIMBF,, PyrisTFSI, 


PVA based electrolytes, 
polyethylene oxide (PEO), 
polymer-ceramic 


Examples Applications 


Standard supercapacitors, low- 
cost energy storage solutions 


High-performance 
supercapacitors, energy storage 
for advanced electronics 


Supercapacitors for extreme 
conditions, safer energy storage 


EMIMSCN 
systems 


Flexible and wearable 
supercapacitors, thin-film 


‘ energy storage devices 
composites BY 8 


increased significantly in response to recent developments in 
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supercapacitor technology, and each of these electrolytes has 
shown impressive performance improvements. Ionic- 
conducting polymers such as polyethylene oxide (PEO), 
polymer-ceramic composites, and electrolytes based on PVA 
are notable examples. 

PVA-based electrolytes have gained popularity due to their 
superior mechanical stability and ion transport capabilities, 
which make them appropriate for wearable and flexible 
supercapacitors. They are frequently mixed with acidic or 
alkaline solutions. High-performance energy storage systems 
require polymer-ceramic composites with improved ionic 
conductivity and thermal stability, such as PEO/LiC1O4 with 
alumina fillers [23, 41, 52, 222]. Ionic-conducting polymers, 
such as PEO, that are doped with lithium salts yield a solid 
polymer electrolyte that combines the advantages of a solid 
matrix's structural stability with strong ionic conductivity. The 
superior performance of gel and solid-state electrolytes in 
supercapacitors can be attributed to their inherent safety, 
which reduces the possibility of fire and leakage, flexibility, 
and thin-film formation capabilities. Furthermore, the lack of 
liquid components in these electrolytes efficiently resolves the 
problem of electrolyte evaporation, which extends the 
supercapacitors' lifespan and operating stability. In order to 
further increase the operating range and efficiency of 
supercapacitors, recent advances have also concentrated on 
hybrid electrolyte systems, which combine the strong ionic 
conductivity of liquid electrolytes with the mechanical 
qualities of solid polymers. Supercapacitor technology is 
evolving towards more efficient, robust, and adaptable energy 
storage solutions because of the versatility and adaptability of 
these new gel and solid-state electrolytes. This represents a 
significant advancement in advanced energy storage systems. 
The efficiency and versatility of supercapacitors are 
significantly influenced by the type of electrolyte used. Table 
2 explains various electrolytes, including aqueous, organic, 
ionic liquids, and gel and solid-state types, delineating their 
key properties, examples, and applications. This comparative 
analysis underscores electrolyte selection's crucial role in 


optimizing supercapacitors' performance and applicability in 
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various technological contexts. 

5. Conclusions and future directions 

This review, which concentrated on the characteristics of 
electrode materials and electrolytes, offered a thorough 
summary of the state-of-the-art supercapacitor technology as it 
exists now. We have established a solid grasp of the 
fundamental factors and important characterization 
methodologies that drive the performance of supercapacitors. 
Examining several kinds of supercapacitors, such as hybrid 
supercapacitors, EDLCs, and pseudocapacitors, has brought 
attention to the many strategies for energy storage as well as 
the distinctive benefits that each kind of supercapacitor has to 
offer. Electrode materials have clarified the contrasting and 
complementing nature of carbon-based materials, conductive 
polymers, metal oxides and hydroxides, and new materials 
such as MOFs and MXenes. The importance of these materials 
in influencing the energy and power densities, cycle life, and 
overall efficiency of supercapacitors is emphasized in this 
study. Likewise, the electrolyte discussion including organic, 
ionic liquid, gel, and solid-state types emphasizes the crucial 
role electrolytes play in establishing the voltage range, safety 
profiles, and operating stability of supercapacitors. Offering a 
synthesis of current knowledge and a critical analysis of the 
trends and problems in supercapacitor technology, this review 
article stands out as an important addition to the area. It directs 
upcoming developments and applications in energy storage 
and is a vital resource for academics and business people. 
Future developments in the field of supercapacitors are 
expected to be revolutionary. When it comes to electrode 
materials, the emphasis will probably move to creating more 
stable and economically viable substitutes with higher energy 
densities. Novel nanostructures and hybrid compositions will 
be explored further in the field of carbon-based materials 
research, while conductive polymers’ will witness 
improvements in their mechanical and chemical stability. It is 
anticipated that electrolyte research will shift towards safer, 
more ecologically friendly choices with expanded operating 


windows and enhanced ionic conductivities. Future research 


on the possibilities of solid-state and gel electrolytes in 
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flexible and wearable electronics seems very promising. 
Moreover, combining lithium-ion batteries and 
supercapacitors with other energy storage technologies is a 
viable way to build hybrid systems that incorporate the best 
features of both technologies. The rising need for sustainable 
energy sources and effective energy storage across several 
industries, such as consumer electronics, grid storage, and the 
automotive industry, will also propel the development of 
supercapacitor technology. In summary, the dynamic and 
developing character of supercapacitor technology is 
demonstrated by this review work. To guarantee that 
supercapacitors continue to play a crucial part in the shift 
towards more effective and sustainable energy storage 
solutions, it offers an overview of the existing situation and 
plots a route for future research and development. 

Conflicts of Interest 

There are no conflicts of interest reported by the authors. 
Authors contribution 

Syed Shaheen Shah: Conceptualization, Investigation, 
Validation, Formal analysis, Writing-original draft, 
Visualization. Md. Abdul Aziz: Supervision, 
Conceptualization, Project administration, writing- 
review and editing. 

Acknowledgment 

The authors express their sincere gratitude to the 
Department of Material Chemistry, Graduate School of 
Engineering, Kyoto University, Nishikyo-ku, Kyoto 
615-8520, Japan, for their support and to the Japan 
Society for the Promotion of Science (JSPS) for their 
invaluable assistance in this work. 

Data Availability statement 

All the data support this article will be provided on 
request from the first author. 

Funding: The Japan Society supports this work for the 
Promotion of Science (JSPS) through KAKENHI Grant 
Number 22F22336. 

REFERENCES 


1. Zhang, F., et al., Recent advances in MOFs/MXenes 


composites: Synthesis and their electrochemical 


www.jspae.com 


energy applications. Journal of Energy Storage, 2023. 
72: p. 108213. 
https://doi.org/10.1016/j.est.2023.108213. 
Chatterjee, D.P., Nandi, A.K., A review on the recent 
advances in hybrid supercapacitors. Journal of 
Materials Chemistry A, 2021. 9(29): p. 15880-15918, 
https://doi.org/10.1039/D1TA02505H. 
Javed, M.S., et al., An ultra-high energy density 
flexible asymmetric supercapacitor based on 
hierarchical fabric decorated with 2D bimetallic 
oxide nanosheets and MOF-derived porous carbon 
polyhedra. Journal of Materials Chemistry A, 2019. 
7(3): p. 946-957, 
https://doi.org/10.1039/C8TA088 16K. 
El-Kady, M.F., et al., Graphene for batteries, 
supercapacitors and beyond. Nature Reviews 
Materials, 2016. 1(7): p. 16033. 
https://doi.org/10.1038/natrevmats.2016.33. 
Gunday, S.T., et al., High-temperature symmetric 
supercapacitor applications of anhydrous gel 
electrolytes including doped triazole terminated 
flexible spacers. Journal of Molecular Liquids, 2020. 
301: p. 112400. 
https://doi.org/10.1016/j.molliq.2019.1 12400. 
Wang, C., et al., Synthesis of Highly Reduced 
Graphene Oxide for Supercapacitor. Journal of 
Nanomaterials, 2016. 2016: p. 4840301, 
http://doi.org/10.1155/2016/4840301. 
Lekakou, C., et al., Carbon-based fibrous EDLC 
capacitors and supercapacitors. Journal of 
Nanotechnology, 2011. 2011: p. 409382 
https://doi.org/10.1155/2011/409382. 
Chee, W.K., et al. Flexible Graphene-Based 
Supercapacitors: A Review. The Journal of Physical 
Chemistry C, 2016. 120(8): p. 4153-4172, 
http://doi.org/10.1021/acs.jpcc.5b10187. 
De Oliveira, H.P., et al., Supercapacitors from Free- 
Standing Polypyrrole/Graphene Nanocomposites. 
The Journal of Physical Chemistry C, 2013. 117(20): 


31 


Journal of Chemistry and Environment 


10. 


11. 


12. 


13. 


14. 


15. 


16. 


17. 


p. 10270-10276, https://doi.org/10.1021/jp400344u. 
Bagarti, T., Jayannavar, A.M., Storage of Electrical 
2020. 25(7): p. 963-980, 
http://doi.org/10.1007/s12045-020-1012-0. 


Energy. Resonance, 


Aziz, M.A., et al., Manganese oxide nanoparticle 
carbon microparticle electrocatalyst and method of 
making from albizia procera leaf. U.S. Patents 2021, 
US20210095384A1, C25B11/0452,  16/589,711, 
https://patents.google.com/patent/US20210095384A 
1/en. 

Mohamedkhair, A.K., et al., Effect of an activating 
agent on the physicochemical properties and 
supercapacitor performance of naturally nitrogen- 
enriched carbon derived from Albizia Procera leaves. 
Arabian journal of chemistry, 2020. 13(7): p. 6161- 
6173, https://doi.org/10.1016/j.arabjc.2020.05.017. 
Shakil, R., et al., Development of a Novel Bio-based 
Redox Electrolyte using Pivalic Acid and Ascorbic 
Acid for the Activated Carbon-based Supercapacitor 
Fabrication. Asian Journal of Organic Chemistry, 
2021. 10(8): p. 2220-2230, 
https://doi.org/10.1002/ajoc.202100314. 

Shah, S.S., Aziz, M.A., Agricultural product-derived 
carbon for energy, sensing, and environmental 
applications: A mini-review. Bangladesh Journal of 
2020. 27(2): p. 467-478, 
https://doi.org/10.3329/bjpt.v27i2.50686. 

Nayem, S.M.A., et al., Biomass Based S-doped 


Plant Taxonomy, 


Carbon for Supercapacitor Application, in: M.A. 
Aziz, S.S. Shah (Eds.), | Biomass-Based 
Wiley2023, pp. 315-327, 
https://doi.org/10.1002/9781119866435.ch18. 

Shah, S.S., et al., Carbonate Salts-activated Carbon, 
in: M.A. Aziz, S.S. Shah (Eds.), Biomass-Based 
Wiley2023, pp. 143-160, 
https://doi.org/10.1002/9781119866435.ch9. 

Sultana, N., et al., Carbon Nanofibers, in: M.A. Aziz, 


Supercapacitors, 


Supercapacitors, 


S.S. Shah (Eds.), Biomass-Based Supercapacitors, 
Wiley2023, pp. 249-268, 


www.jspae.com 


20. 


21. 


22, 


23. 


24, 


https://doi.org/10.1002/9781119866435.ch15. 


. Nayem, S.M.A., et al., Biomass-based Electrolytes 


for Supercapacitor Applications, in: M.A. Aziz, S.S. 
Shah  (Eds.), Supercapacitors, 
Wiley2023, pp. 383-401, 
https://doi.org/10.1002/9781119866435.ch22. 


Biomass-Based 


. Nayem, S.M.A., et al., A Mechanistic Overview of 


the Current Status and Future Challenges of 
Aluminum Anode and Electrolyte in Aluminum-Air 
Batteries. The Chemical Record, 2024. 24(1): p. 
e202300005, https://doi.org/10.1002/tcr.202300005. 
Nayem, S.M.A., et al., Cover Picture: A Mechanistic 
Overview of the Current Status and Future 
Challenges of Aluminum Anode and Electrolyte in 
Aluminum-Air Batteries (Chem. Rec. 1/2024). The 
Chemical Record, 2024. 24(1): p. e202480101, 
https://doi.org/10.1002/ter.202480101. 

Roy, C.K., et al., Preparation of Hierarchical Porous 
Activated Carbon from Banana Leaves for High- 
performance Supercapacitor: Effect of Type of 


Electrolytes on Performance. Chemistry — An Asian 


Journal, 2021. 16(4): p. 296-308, 
https://doi.org/10.1002/asia.202001342. 
Hasan, M.M., et al., Supporting electrolyte 


interaction with the AACVD synthesized Rh thin 
film influences the OER activity. International 
Journal of Hydrogen Energy, 2022. 47(67): p. 
28740-28751, 
https://doi.org/10.1016/j.ijhydene.2022.06.212. 
Shah, S.S., et al., Jute Sticks Derived and 
Commercially Available Activated Carbons for 
Symmetric Supercapacitors with Bio-electrolyte: A 
Comparative Study. Synthetic Metals, 2021. 277: p. 
116765, 
https://doi.org/10.1016/j.synthmet.2021.116765. 
Shah, S.S., et al., Recent Progress in Carbonaceous 
and Redox-active Nanoarchitectures for Hybrid 
Evaluation, 


Supercapacitors: Performance 


Challenges, and Future Prospects. The Chemical 


32 


Journal of Chemistry and Environment 


235 


26. 


21 


28. 


29. 


30. 


31. 


32. 


33. 


Record, 2022. 22(7): p. e202200018, 
https://doi.org/10.1002/ter.202200018. 

Shah, S.S., et al., Recent Progress in Polyaniline and 
its Composites for Supercapacitors. The Chemical 
Record, 2024. 24(1): p. e202300105, 
https://doi.org/10.1002/ter.202300105. 

Nayem, S.M.A., et al., Biomass-based Separators for 
Supercapacitor Applications, in: M.A. Aziz, S.S. 
Shah (Eds.), Biomass-Based Supercapacitors, 
Wiley2023, pp. 403-415, 
https://doi.org/10.1002/9781119866435.ch23. 
Ghanem, A.S., et al., High gas permselectivity in 
ZIF-302/polyimide _ self-consistent mixed-matrix 
membrane. Journal of Applied Polymer Science, 
2020. 137(13): p. 48513 
https://doi.org/10.1002/app.48513. 

Wang, H., et al., Zn-ion hybrid supercapacitors: 
Achievements, challenges and future perspectives. 
Nano 2021. 85: sp. 105942, 


https://doi.org/10.1016/j.nanoen.2021.105942. 


Energy, 


Wang, Q., et al., Flexible coaxial-type fiber 
supercapacitor based on NiCo204 _nanosheets 
electrodes. Nano Energy, 2014. 8: p. 44-51, 
https://doi.org/10.1016/j.nanoen.2014.05.014. 

Zhu, Y., et al., Modifications of MXene layers for 
supercapacitors. Nano Energy, 2020. 73: p. 104734, 
https://doi.org/10.1016/j.nanoen.2020.104734. 


Salanne, M., et al., Efficient storage mechanisms for 


building better supercapacitors. Nature Energy, 2016. 


1(6): p. 16070. 
https://doi.org/10.1038/nenergy.2016.70. 
Liu, T., et al., Polyaniline and _ polypyrrole 
pseudocapacitor electrodes with excellent cycling 
stability. Nano Letters, 2014. 14(5): p. 2522-2527, 
https://doi-org/10.1021/n1500255v. 

Lukatskaya, MR. et al,  Ubltra-high-rate 
pseudocapacitive energy storage in two-dimensional 
transition metal carbides. Nature Energy, 2017. 2(8): 


p. 17105, https://doi.org/10.1038/nenergy.2017.105. 


www.jspae.com 


34. 


35. 


36. 


37. 


38. 


39. 


40. 


41. 


42. 


Yu, H., et al., Proton is Essential or Not: A Fresh 
Look on Pseudocapacitive Energy Storage of PANI 
Composites. Small, 2023. 20(1): p. 2303832, 
https://doi.org/10.1002/smll.202303832. 

Altaf, C.T., et al., Photo-supercapacitors based on 
nanoscaled ZnO. Scientific reports, 2022. 12(1): p. 
11487, https://doi.org/10.1038/s41598-022-15180-z. 
Lu, H., Zhao, X.S., Biomass-derived carbon 
electrode materials for supercapacitors. Sustainable 
2017. 1(6): p. 1265-1281, 
https://doi.org/10.1039/C7SEO0099E. 


Energy & Fuels, 


Mendes, T.C., et al., An ionic liquid based sodium 
Sustainable 


763-771, 


metal-hybrid — supercapacitor-battery. 
Energy & Fuels, 2018. 2(4): p. 
https://doi.org/10.1039/C7SE00547D. 
Shah, S.S., et al., Physico-chemical properties and 
toxicological effects on plant and algal models of 
carbon nanosheets from a nettle fibre clone. 
2021. I11(1): p. 6945, 
https://doi.org/10.1038/s41598-02 1-86426-5. 

Fawad Khan, M., et al., Novel MoS2-sputtered 


NiCoMg MOFs | for hybrid 


Scientific — reports, 


high-performance 
supercapacitor 
Purification Technology, 2023. 310: p. 123101, 
https://doi.org/10.1016/j.seppur.2023.123101. 


applications. Separation and 


Aziz, M.A., et al, A High-Energy Asymmetric 
Supercapacitor Based on Tomato-Leaf-Derived 


Hierarchical Porous Activated Carbon and 
Electrochemically Deposited Polyaniline Electrodes 
for Battery-Free Heart-Pulse-Rate Monitoring. Small, 
2023. 19(33): p. 2300258. 
https://doi.org/10.1002/smll.202300258. 

Shah, S.S., et al., Advanced High-Energy All-Solid- 
State Hybrid Supercapacitor with Nickel-Cobalt- 
Layered Double Hydroxide Nanoflowers Supported 
on Jute Stick-Derived Activated Carbon Nanosheets. 
Small, 2024. https://doi.org/10.1002/smll.202306665. 
Shah, S.S., et al., Electrodeposition of polyaniline on 


high electroactive indium tin oxide nanoparticles- 


33 


Journal of Chemistry and Environment 


43. 


44, 


45. 


46. 


47. 


48. 


modified fluorine doped tin oxide electrode for 


fabrication of high-performance hybrid 
supercapacitor. Arabian journal of chemistry, 2022. 
15(9): p. 104058. 
https://doi.org/10.1016/j.arabjc.2022.104058. 
Mahfoz, W., et al., Designing High-performing 
Symmetric | Supercapacitor — by 


Mesh 


Engineering 
Polyaniline on Steel Surface via 
Electrodeposition. Chemistry — An Asian Journal, 
2023. 18(4): p. e202201223. 
https://doi.org/10.1002/asia.202201223. 

Hasan, M.M., et al., Mechanistic Insights of the 
Oxidation of Bisphenol A at Ultrasonication Assisted 
Polyaniline-Au Nanoparticles Composite for Highly 
Sensitive Electrochemical Sensor. Electrochimica 
Acta, 2021. 374: p. 137968. 
https://doi.org/10.1016/j.electacta.2021.137968. 
Shah, S.S., et al., Polyaniline and heteroatoms— 
carbon derived from 


enriched Pithophora 


polymorpha composite for high performance 
supercapacitor. Journal of Energy Storage, 2020. 30: 
p. 101562, https://doi.org/10.1016/j.est.2020.101562. 
Shah, S.S., et al., Boosting the Electrochemical 
Performance of Polyaniline by One-Step 
Electrochemical Deposition on Nickel Foam for 
High-Performance Asymmetric 
Polymers, 2022. 14(2): p. 270, 
https://doi.org/10.3390/polym14020270. 


Khan, A.J., et al., Telluride-Based Materials: A 


Supercapacitor. 


Promising Performance 
Supercapacitors. The Chemical Record, 2024. 24(1): 
p. €202300302. 


https://doi.org/10.1002/tcr.202300302. 


Route for High 


Shah, S.S., et al., Electrochemical synergy and future 
prospects: Advancements and challenges in MXene 
and MOFs composites for hybrid supercapacitors. 
Sustainable Materials and Technologies, 2024. 39: p. 
e008 14, 
https://doi.org/10.1016/j.susmat.2023.c008 14. 


www.jspae.com 


49. 


50. 


51. 


52. 


53: 


54. 


55. 


56. 


Helal, A., et al., Potential Applications of Nickel- 
Based Metal-Organic Frameworks and _ their 
Derivatives. The Chemical Record, 2022. 22(7): p. 
e202200055, https://doi.org/10.1002/tcr.202200055. 

Shah, S.S., et al., Synthesis and Oxygen Evolution 
Reaction Application of a Co-Cd Based Bimetallic 
Metal-Organic Framework. Chemistry — An Asian 
Journal, 2024. DOI: 
https://doi.org/10.1002/asia.202301039: p. 
e202301039, https://doi.org/10.1002/asia.202301039. 
Korshunov, A., et al., Host-Guest Interactions 
Enhance the Performance of Viologen Electrolytes 
for Aqueous 
Batteries & Supercaps, 2021. 4(6): p. 923-928, 
https://doi.org/10.1002/batt.202100018. 
Ulihin, A., et al. All-solid-state 


Organic Redox Flow Batteries. 


asymmetric 
supercapacitors with solid composite electrolytes. 
Solid State 2013. 251: p. 62-65, 
https://doi.org/10.1016/j.ssi.2013.03.014. 


Ionics, 


Ahmed, S., et al., Impact of aqueous and organic 
electrolytes on the supercapacitive performance of 
activated carbon derived from pea skin. Surface and 
Coatings Technology, 2018. 349: p. 242-250, 
http://doi.org/10.1016/j.surfcoat.2018.05.073. 
Carquigny, S., et al., Effect of electrolyte solvent on 
the morphology of polypyrrole films: Application to 
the use of polypyrrole in pH sensors. Synthetic 
Metals, 2008. 158(11): p. 453-461, 
https://doi.org/10.1016/j.synthmet.2008.03.010. 
Shah, S.S., et al., Advanced strategies in electrode 
engineering and nanomaterial modifications for 
supercapacitor performance enhancement: A 
comprehensive review. Journal of Energy Storage, 
2024. 79: p. 110152, 
https://doi.org/10.1016/j.est.2023.110152. 


Shah, S.S., et al., Types of Supercapacitors, in: M.A. 


Aziz, S.S. Shah  (Eds.), | Biomass-Based 
Supercapacitors, Wiley2023, pp. 93-104, 
https://doi.org/10.1002/9781119866435.ch6. 

34 


Journal of Chemistry and Environment 


ST. 


58. 


59. 


60. 


61. 


62. 


63. 


64. 


65. 


Shah, S.S., et al., Electrochemical Techniques for 
Supercapacitors, in: M.A. Aziz, S.S. Shah (Eds.), 
Biomass-Based Supercapacitors, Wiley2023, pp. 81- 
92, https://doi.org/10.1002/9781119866435.chS. 
Shah, S.S., et al., Introduction to Supercapacitors, in: 
M.A. Aziz, S.S. Shah (Eds.), 
Wiley2023, pp. 
https://doi.org/10.1002/9781119866435.ch4. 
Bleda-Martinez, M.J., et al., Role of surface 


Biomass-Based 


Supercapacitors, 61-79, 


chemistry on electric double layer capacitance of 
carbon materials. Carbon, 2005. 43(13): p. 2677- 
2684, https://doi.org/10.1016/j.carbon.2005.05.027. 
Izadi-Najafabadi, A., et al., Ion Diffusion and 
Electrochemical Capacitance in Aligned and Packed 
Single-Walled Carbon Nanotubes. Journal of the 
American Chemical Society, 2010. 132(51): p. 
18017-18019, https://doi.org/10.1021/jal108766y. 
Lima-Tenorio, M.K., et al., Pseudocapacitance 
Properties of Co304 Nanoparticles Synthesized 
Using a Modified Sol-Gel Method. Materials 
2017. 21(2): p. e20170521, 


https://doi.org/10.1590/1980-5373-MR-2017-0521. 


Research, 


Mahfoz, W., et al., Enhanced oxygen evolution via 
electrochemical water oxidation using conducting 
polymer and nanoparticle composites. Chemistry — 
An Asian Journal, 2020. 15(24): p. 4358-4367, 
https://doi.org/10.1002/asia.202001163. 

Khan, I., et al., Tailoring performance of hybrid 
supercapacitors by fluorine-rich block copolymer- 
derived carbon coated mixed-phase TiO2 
nanoparticles. Journal of Alloys and Compounds, 
2023. 968: p. 172175, 
https://doi.org/10.1016/j.jallcom.2023.172175. 
Mahfoz, W., et al., Fabrication of high-performance 
supercapacitor using date leaves-derived 
submicron/nanocarbon. Journal of Saudi Chemical 
Society, 2022. 26(6): p. 101570, 
https://doi.org/10.1016/j.jscs.2022.101570. 


Aziz, M.A., et al., Peat soil-derived silica doped 


www.jspae.com 


66. 


67. 


68. 


69. 


70. 


71. 


72. 


porous graphitic carbon with high yield for high- 


performance all-solid-state symmetric 
supercapacitors. Journal of Energy Storage, 2022. 50: 
p. 104278, https://doi.org/10.1016/j.est.2022.104278. 
Shah, S.S., et al., Preparation and characterization of 
manganese oxide nanoparticles-coated Albizia 
procera derived carbon for electrochemical water 
oxidation. Journal of Materials Science: Materials in 
2019. 30(17): p. 16087-16098, 


https://doi.org/10.1007/s10854-019-01979-6. 


Electronics, 


Buliyaminu, I.A., et al., Preparation of nano-Co304- 
coated Albizia procera-derived carbon by direct 
thermal decomposition method for electrochemical 
water oxidation. Arabian journal of chemistry, 2020. 
13(3): p. 4785-4796, 
https://doi.org/10.1016/j.arabjc.2019.12.013. 

Abu Nayem, S.M., et al., Cover Picture: High 
Performance and Long-cycle Life Rechargeable 
Aluminum — Ion Recent 
Perspectives and Challenges (Chem. Rec. 12/2022). 
The Chemical Record, 2022. 22(12): p. e202281201, 


https://doi.org/10.1002/ter.202281201. 


Battery: Progress, 


Abu Nayem, S.M., et al., High Performance and 


Long-cycle Life Rechargeable Aluminum Ion 


Battery: Recent 
Challenges. The Chemical Record, 2022. 22(12): p. 


e202200181, https://doi.org/10.1002/tcr.202200181. 


Progress, Perspectives and 


Johan, B.A., et al., Metal Negatrode Supercapatteries: 
Advancements, Challenges, and Future Perspectives 
for High-Performance 
Chemical Record, 2024. 24(1): p. e202300239, 
https://doi.org/10.1002/tcr.202300239. 

Shah, S.S., Aziz, A.M., Recent Advancements in 


Energy Storage. The 


Light-responsive Supercapacitors. Current 
2024. 20(1): p. 74-88, 
http://doi.org/10.2174/157341371966623032815571 
8. 


Usman, M., et al., A Review on SAPO-34 Zeolite 


Nanoscience, 


Materials for CO2 Capture and Conversion. The 


35 


Journal of Chemistry and Environment 


73. 


74. 


1D: 


76. 


77, 


78. 


79. 


80. 


Chemical Record, 2022. 22(7): p. e202200039, 
https://doi.org/10.1002/ter.202200039. 

Shah, S.S., et al., Conducting Polymers Based 
Nanocomposites for Supercapacitors, in: S. Thomas, 
A.B. Gueye, R.K. Gupta (Eds.), Nanostructured 
Materials for Supercapacitors, Springer, Cham, 2022, 
pp. 485-511, _ https://doi.org/10.1007/978-3-030- 
99302-3_ 22. 

Akter, R., et al., Nanostructured Nickel-based Non- 
enzymatic Electrochemical Glucose Sensors. 
Chemistry — An Asian Journal, 2022. 17(23): p. 
e202200897, https://doi.org/10.1002/asia.202200897. 
Faisal, M.M., et al., Redox-active anomalous 
electrochemical performance of mesoporous nickel 
manganese sulfide nanomaterial as an anode material 
for supercapattery devices. Ceramics International, 
2022. 48(19): p. 28565-28577, 
https://doi.org/10.1016/j.ceramint.2022.06.170. 
Ashraf, M., et al., Energy Storage Device and 
Supercapacitor. USS. 2023, 
US20230274892A 1, H01G11/46, 11688564, 


https://www.freepatentsonline.com/y2023/0274892.h 


Patents 


tml. 

Yang, J., et al., Reliability of Constant Charge 
Method for Molecular Dynamics Simulations on 
EDLCs in Nanometer and Sub-Nanometer Spaces. 
ChemElectroChem, 2017. 4(10): p. 2486-2493, 
https://doi.org/10.1002/celc.201700447. 

Qiao, W., et al., KOH activation of needle coke to 
develop activated carbons for high-performance 
EDLC. Energy & fuels, 2006. 20(4): p. 1680-1684, 
https://doi.org/10.1021/ef0503 131. 

Pandolfo, A.G., et al., The influence of conductive 
additives and inter-particle voids in carbon EDLC 
electrodes. Fuel Cells, 2010. 10(5): p. 856-864, 
http://doi.org/10.1002/fuce.201000027. 

Mei, B.-A., et al., Physical Interpretations of Nyquist 
Plots for EDLC Electrodes and Devices. The Journal 
of Physical Chemistry C, 2018. 122(1): p. 194-206, 


www.jspae.com 


81. 


82. 


83. 


84. 


85. 


86. 


87. 


88. 


89. 


https://doi.org/10.1021/acs.jpcec.7b10582. 

Wahed, F., et al., Conduction mechanisms and 
thermoelectric applications of Lal-xSrxCoO3 
nanofibers. Journal of Materials Science, 2022. 
57(19): p. 8828-8844, 
https://doi.org/10.1007/s10853-022-07248-y. 

Li, K., et al., All-pseudocapacitive asymmetric 
MXene-carbon-conducting polymer supercapacitors. 
Nano 2020. 73: p. 104971, 
https://doi.org/10.1016/j.nanoen.2020.104971. 


Chodankar, N.R., et al., True 


Energy, 


Meaning of 
Pseudocapacitors and Their Performance Metrics: 
Asymmetric versus Hybrid Supercapacitors. Small, 
2020. 16(37): p. 2002806, 
https://doi.org/10.1002/smll.202002806. 

Yu, L., Chen, G.Z., Supercapatteries as High- 
Performance Electrochemical Energy Storage 
Devices. Electrochemical Energy Reviews, 2020. 
3(2): p. 271-285, https://doi.org/10.1007/s41918- 
020-00063-6. 

Volfkovich, Y.M., Electrochemical Supercapacitors 
(a Review). Russian Journal of Electrochemistry, 
2021. 57(4): p. 311-347. 
http://doi.org/10.1134/S1023 193521040108. 

Liu, X., et al., Silicon/copper dome-patterned 


electrodes for high-performance hybrid 
supercapacitors. Scientific reports, 2013. 3(1): p. 
3183, https://doi.org/10.1038/srep03183. 

Ren, Z., et al., Large-scale synthesis of hybrid metal 
oxides through metal redox mechanism for high- 
performance pseudocapacitors. Scientific reports, 
2016. 6: p. 20021, https://doi.org/10.1038/srep20021. 
Li, K., et al., A  High-Energy-Density Hybrid 
Supercapacitor with P-Ni(OH)2@Co(OH)2 Core— 
Shell Heterostructure and Fe203 Nanoneedle Arrays 
as Advanced Integrated Electrodes. Small, 2020. 
16(32): p. 2001974, 
https://doi.org/10.1002/smll.202001974. 


Yang, Z.G., et al., Supercapacitors based on free- 


36 


Journal of Chemistry and Environment 


90. 


91. 


92. 


93. 


94. 


95. 


96. 


standing reduced graphene oxides/carbon nanotubes 
hybrid films. SN Applied Sciences, 2019. 1: p. 47, 
https://doi.org/10.1007/s42452-018-0059-y. 
Zardkhoshoui, A.M., Hosseiny Davarani, S.S., An 
efficient hybrid supercapacitor based on Zn—Mn—Ni— 
S@NiSe 
Energy & Fuels, 2021. 5(3):  p. 
http://doi.org/10.1039/DOSE01665A. 


Sustainable 


900-913, 


core-shell architectures. 


Tang, K., et al., 3D printed hybrid-dimensional 
electrodes for flexible micro-supercapacitors with 
superior electrochemical behaviours. Virtual and 
Physical Prototyping, 2020. 15(supl): p. 511-519, 
https://doi.org/10.1080/17452759.2020.1842619. 
Kim, S.-W., et al., Nickel Hydroxide Supercapacitor 
with a Theoretical Capacitance and High Rate 
Capability Based on Hollow Dendritic 3D-Nickel 
Current Collectors. Chemistry — An Asian Journal, 
2017. 12(12): p. 1291-1296, 
https://doi.org/10.1002/asia.201700454. 

Peng, H., et al., A novel fabrication of nitrogen- 
containing carbon nanospheres with high rate 
capability as electrode materials for supercapacitors. 
RSC Advances, 2015. 5(16): p. 12034-12042, 
https://doi.org/10.1039/C4RA11889H. 

Zheng, Y., et al., Progress of synthetic strategies and 
properties of heteroatoms-doped (N, P, S, O) carbon 
materials for supercapacitors. Journal of Energy 
Storage, 2022. 56: p. 105995, 
https://doi.org/10.1016/j.est.2022.105995. 

Lee, S., Kim, J., Implementation methodology of 
powertrain for series-hybrid military vehicles 
applications equipped with hybrid energy storage. 
Energy, 2017. 120: p. 229-240, 
https://doi.org/10.1016/j.energy.2016.11.109. 

A.V, K., et al., Solar cell-integrated energy storage 
devices for electric vehicles: a breakthrough in the 
green renewable energy. Ionics, 2022. 28(9): p. 
4065-4081, https://doi.org/10.1007/s11581-022- 
04700-6. 


www.jspae.com 


97. Feng, X., et al., Thermal runaway mechanism of 
lithium ion battery for electric vehicles: A review. 
Energy Storage Materials, 2018. 10: p. 246-267, 
https://doi.org/10.1016/j.ensm.2017.05.013. 

98. Aziz, M.A., Shah, S.S., | Biomass-Based 


Supercapacitors: Design, Fabrication and 
Sustainability, Wiley, 9600 Garsington Road, Oxford, 
Ox4 2DQ, UK, 2023, 
https://doi.org/10.1002/9781119866435. 

99. Yaseen, M., et al., A Review of Supercapacitors: 
Materials Design, Modification, and Applications. 
Energies, 2021. 14(22): p. 77179, 
https://doi.org/10.3390/en14227779. 

100.Schubert, C., et al., Hybrid Energy Storage Systems 
Based on Redox-Flow Batteries: Recent 
Developments, Challenges, and Future Perspectives. 
Batteries, 2023. 9(4): p. 211, 
https://doi.org/10.3390/batteries9040211. 

101.Shah, S.S., et al., Conduction mechanisms in 
lanthanum manganite nanofibers. Materials Science 
in Semiconductor Processing, 2019. 90: p. 65-71, 
https://doi.org/10.1016/j.mssp.2018.10.008. 

102. Hayat, K., et al., Processing, device fabrication and 
electrical characterization of LaMnO3 nanofibers. 
Materials Science in Semiconductor Processing, 
2016. Al: p. 364-369, 
https://doi.org/10.1016/j.mssp.2015.10.009. 

103.Wang, Y., et al., Reduced Mesoporous Co304 
Nanowires as_ Efficient Water Oxidation 
Electrocatalysts and Supercapacitor Electrodes. 
Advanced Energy Materials, 2014. 4(16): p. 
1400696, https://doi.org/10.1002/aenm.201400696. 

104.Jablonskiene, J., et al, Synthesis of Carbon- 
Supported MnO2 Nanocomposites for 
Supercapacitors Application. Crystals, 2021. 11: p. 
784, https://doi.org/10.3390/cryst1 1070784. 

105.Ye, L., et al, Serpent-cactus-like Co-doped 
Ni(OH)2/Ni3S2 hierarchical structure composed of 


ultrathin nanosheets for use in efficient asymmetric 


37 


Journal of Chemistry and Environment 


supercapacitors. Journal of Materials Chemistry A, 

2017. 5(4): p. 1603-1613, 

https://doi.org/10.1039/C6TA09547J. 
106.Deshmukh, P.R., et al., Polyaniline-RuO2 composite 


for high performance supercapacitors: chemical 


synthesis and properties. RSC Advances, 2015. 5(36): 


p. 28687-28695, 
https://doi.org/10.1039/C4RA16969G. 

107.Wu, N.-L., et al., Preparation and optimization of 
RuO2-impregnated SnO2 xerogel supercapacitor. 
Journal of Power Sources, 2002. 104(1): p. 62-65, 
https://doi.org/10.1016/S0378-7753(01)00873-4. 

108.Helal, A., et al., Defect-engineering a metal-organic 
framework for CO2 fixation in the synthesis of 
bioactive oxazolidinones. Inorganic Chemistry 
Frontiers, 2020. 719): p. 3571-3577, 
http://doi.org/10.1039/d0qi00496k. 

109.Usman, M., Recent Progress of SAPO-34 Zeolite 
Membranes for CO2 Separation: A_ Review. 
Membranes, 2022. 12(5): p. 507, 
https://doi.org/10.3390/membranes 12050507. 

110.Eftatha, A.aF., et al. Cross-linked, porous 
imidazolium-based poly(ionic liquid)s for CO2 
capture and utilisation. New Journal of Chemistry, 
2021. 45(36): p. 16452-16460, 
https://doi.org/10.1039/D1NJ02946K. 

111.Yaseen, M., et al., Simultaneous operation of 
dibenzothiophene hydrodesulfurization and methanol 
reforming reactions over Pd promoted alumina based 
catalysts. Journal of Fuel Chemistry and Technology, 
2012. 40(6): p. 714-720, 
https://doi.org/10.1016/S1872-5813(12)60027-9. 

112.Benoy, S.M., et al., Recent trends in supercapacitor- 
battery hybrid energy storage devices based on 
carbon materials. Journal of Energy Storage, 2022. 
52: p. 104938, 
https://doi.org/10.1016/j.est.2022.104938. 

113.Chaichi, A., et al., A Solid-State and Flexible 


Supercapacitor That Operates across a Wide 


www.jspae.com 


Temperature Range. ACS Applied Energy Materials, 
2020. 3(6): p. 5693-5704, 
https://doi.org/10.102 1/acsaem.0c00636. 
114.Mensah-Darkwa, K., et al., Supercapacitor energy 
storage device using biowastes: A sustainable 
approach to green energy. Sustainability, 2019. 11(2): 
p. 414, https://doi.org/10.3390/sul1 1020414. 
115.Hsiao, C., et al., Reduced graphene oxide/oyster 
shell powers/iron oxide composite electrode for high 
performance supercapacitors. Electrochimica Acta, 
2021. 391: p. 138868, 
https://doi.org/10.1016/j.electacta.2021.138868. 
116.Li, C. et al, Scalable — self-propagating 
high-temperature synthesis of graphene for 
supercapacitors with superior power density and 
cyclic stability. Advanced Materials, 2017. 29(7): p. 
1604690, http://doi.org/10.1002/adma.201604690. 
117.Huang, Y., et al., Sulfurized activated carbon for 
high energy density supercapacitors. Journal of 
Power Sources, 2014. 252: p. 90-97, 
https://doi.org/10.1016/j.jpowsour.2013.12.004. 
118.Guan, B., et al., Synthesis of hierarchical NiS 
microflowers for high performance asymmetric 
supercapacitor. Chemical Engineering Journal, 2017. 
308: p. 1165-1173, 
https://doi.org/10.1016/j.cej.2016.10.016. 
119.Jeon, I-Y., et al., Nitrogen-Doped Carbon 
Nanomaterials: Synthesis, Characteristics and 
Applications. Chemistry — An Asian Journal, 2020. 
15(15): p. 2282-2293, 
https://doi.org/10.1002/asia.201901318. 
120.Dubey, R., Guruviah, V., Review of carbon-based 
electrode materials for supercapacitor energy storage. 
Ionics, 2019. 25(4): p. 1419-1445, 
http://doi.org/10.1007/s11581-019-02874-0. 
121.Wang, J., Kaskel, S., KOH activation of carbon- 
based materials for energy storage. Journal of 
Materials Chemistry, 2012. 22(45): p. 23710-23725, 
https://doi.org/10.1039/C2JM34066F. 


38 


Journal of Chemistry and Environment 


122.Wang, Y., et al., Recent progress in carbon-based 
materials for supercapacitor electrodes: a review. 
Journal of Materials Science, 2021. 56(1): p. 173- 
200, https://doi.org/10.1007/s10853-020-05 157-6. 
123.Miao, L., et al., Recent advances in carbon-based 
supercapacitors. Materials Advances, 2020. 1(5): p. 
945-966, https://doi.org/10.1039/DOMA00384K. 
124.Shah, S.S., et al., Biomass-based Supercapacitors: 
Lab to Industry, in: M.A. Aziz, S.S. Shah (Eds.), 
Biomass-Based Supercapacitors, Wiley2023, pp. 
435-459, 
https://doi.org/10.1002/9781119866435.ch25. 
125.Basha, S.I., et al., Construction Building Materials as 
a Potential for Structural Supercapacitor 
Applications. The Chemical Record, 2022. 22(11): p. 
e202200134, https://doi.org/10.1002/ter.202200134. 
126.Islam, S., et al, Recent Advancements in 
Electrochemical Deposition of Metal-Based 
Electrode Materials for Electrochemical 
Supercapacitors. The Chemical Record, 2022. 22(7): 
p. e202200013. 
https://doi.org/10.1002/ter.202200013. 
127.Ehsan, M.A., et al., Recent Advances in Processing 
and Applications of Heterobimetallic Oxide Thin 
Films by  Aerosol-assisted Chemical Vapor 
Deposition. The Chemical Record, 2022. 22(7): p. 
e202100278, https://doi.org/10.1002/tcr.202100278. 
128.Saha, P., et al., Vanadium-Based Cathodic Materials 
of Aqueous Zn-Ion Battery for Superior-Performance 
with Prolonged-Life Cycle. The Chemical Record, 
2024. 24(1): p. e2022003 10, 
https://doi.org/10.1002/tcr.2022003 10. 
129.Ahammad, A.J.S., et al., Activated jute carbon paste 
screen-printed FTO electrodes for nonenzymatic 
amperometric determination of nitrite. Journal of 
Electroanalytical Chemistry, 2019. 832: p. 368-379, 
https://doi.org/10.1016/j.jelechem.2018.11.034. 
130.Hasan, M.R., et al., Evaluating the electrochemical 


detection of nitrite using a platinum nanoparticle 


www.jspae.com 


coated jute carbon modified glassy carbon electrode 
and voltametric analysis. Journal of Physics and 
Chemistry of Solids, 2022. 165: p. 110659, 
https://doi.org/10.1016/j.jpcs.2022.110659. 

131.Abu Nayem, S.M., et al., Jute stick extract assisted 
hydrothermal synthesis of zinc oxide nanoflakes and 
their enhanced photocatalytic and antibacterial 
efficacy. Arabian journal of chemistry, 2022. 15(11): 
p. 104265, 
https://doi.org/10.1016/j.arabjc.2022.104265. 

132.Aziz, A., et al., Preparation and Utilization of Jute- 
Derived Carbon: A Short Review. The Chemical 
Record, 2020. 20(9): p. 1074-1098, 
https://doi.org/10.1002/tcr.202000071. 

133.Shah, S.S., et al., Preparation of Highly Stable and 
Electrochemically Active Three-dimensional 
Interconnected Graphene Frameworks from Jute 
Sticks. Chemistry — An Asian Journal, 2022. 17(16): 
p. e202200567. 
https://doi.org/10.1002/asia.202200567. 

134. Shah, S.S., et al., Present Status and Future Prospects 
of Jute in Nanotechnology: A Review. The Chemical 
Record, 2021. 21(7): p. 1631-1665, 
https://doi.org/10.1002/ter.202100135. 

135.Shah, S.S., et al., Sulfur nano-confinement in 
hierarchically porous jute derived activated carbon 
towards high-performance supercapacitor: 
Experimental and theoretical insights. Journal of 
Energy Storage, 2022. 56: p. 105944, 
https://doi.org/10.1016/j.est.2022.105944. 

136.Sultana, N., et al., Synthesis and synergistic effect of 
positively charged jute carbon supported AuNPs 
coated polymer nanocomposite for selective 
determination of nitrite. Materials Science and 
Engineering: B, 2023. 295: p. 116572, 
https://doi.org/10.1016/j.mseb.2023.116572. 

137.Aziz, M.A., et al. Water-based Inkjet Inks 
Formulation using Jute Stick-derived Submicron 


Carbon Particles. Chemistry — An Asian Journal, 


39 


Journal of Chemistry and Environment 


2022. 17(23): p. e202200869. 
https://doi.org/10.1002/asia.202200869. 
138.Beidaghi, M., Wang, C., Micro-Supercapacitors 
Based on Interdigital Electrodes of Reduced 
Graphene Oxide and Carbon Nanotube Composites 
with Ultrahigh Power Handling Performance. 
Advanced Functional Materials, 2012. 22(21): p. 
4501-4510, https://doi.org/10.1002/adfm.201201292. 
139.Su, Y., Zhitomirsky, I., Asymmetric electrochemical 
supercapacitor, based on polypyrrole coated carbon 
nanotube electrodes. Applied Energy, 2015. 153: p. 
48-55, 
https://doi.org/10.1016/j.apenergy.2014.12.010. 
140.Ates, M., et al., Supercapacitor performances of 
RuO2/MWCNT, RuO2/Fullerene nanocomposites. 
Energy Storage, 2019. 1: p. e86, 
https://doi.org/10.1002/est2.86. 
141.Abu Nayem, S.M., et al., Electrochemical Sensing 
Platforms of Dihydroxybenzene: Part 1 — Carbon 
Nanotubes, Graphene, and their Derivatives. The 
Chemical Record, 2021. 21(5): p. 1039-1072, 
https://doi.org/10.1002/ter.202100043. 
142.Abu Nayem, S.M., et al., Cover Picture: 
Electrochemical Sensing Platforms of 
Dihydroxybenzene: Part 1 — Carbon Nanotubes, 
Graphene, and their Derivatives. Part 2 —- 
Nanomaterials Excluding Carbon Nanotubes and 
Graphene. The Chemical Record, 2021. 21(5): p. 
1038-1038, https://doi.org/10.1002/tcr.202180501. 
143.Nayem, S.M.A., et al., Electrochemical Sensing 
Platforms of Dihydroxybenzene: Part2 -—- 
Nanomaterials Excluding Carbon Nanotubes and 
Graphene. The Chemical Record, 2021. 21(5): p. 
1073-1097, https://doi.org/10.1002/tcr.202 100044. 
144. Ashraf, M., et al., A High-Performance Asymmetric 
Supercapacitor Based on Tungsten Oxide Nanoplates 
and Highly Reduced Graphene Oxide Electrodes. 
Chemistry — A European Journal, 2021. 27(23): p. 
6973-6984, https://doi.org/10.1002/chem.202005 156. 


www.jspae.com 


145.Islam, S., et al., Graphene and Carbon Nanotubes- 
based Electrochemical Sensing Platforms for 
Dopamine. Chemistry — An Asian Journal, 2021. 
16(22): p. 3516-3543. 
https://doi.org/10.1002/asia.202 100898. 

146.Usman, M., et al., Bismuth-Graphene Nanohybrids: 
Synthesis, Reaction Mechanisms, and Photocatalytic 
Applications—A Review. Energies, 2021. 14(8): p. 
2281, https://doi.org/10.3390/en14082281. 

147.Gul, E., et al., Chloride Salt-activated Carbon for 
Supercapacitors, Biomass-Based 
Supercapacitors2023, pp. 179-200, 
https://doi.org/10.1002/9781119866435.ch11. 

148.Shah, S.N.A., et al., Biomass-derived N-doped 
Carbon for Electrochemical Supercapacitors, 
Biomass-Based Supercapacitors2023, pp. 289-313, 
https://doi.org/10.1002/9781119866435.ch17. 

149.Mi, J., et al., Coconut-Shell-Based Porous Carbons 
with a Tunable Micro/Mesopore Ratio for High- 
Performance Supercapacitors. Energy & fuels, 2012. 
26(8): p. 5321-5329. 
http://doi.org/10.1021/ef3009234. 

150. Arkhipova, E.A., et al., Rice husk-derived activated 
carbon electrode in redox-active electrolyte — New 
approach for enhancing supercapacitor performance. 
Journal of Energy Storage, 2022. 55: p. 105699, 
https://doi.org/10.1016/j.est.2022.105699. 

151.Abioye, A.M., Ani, F.N., Recent development in the 
production of activated carbon electrodes from 
agricultural waste biomass for supercapacitors: A 
review. Renewable and Sustainable Energy Reviews, 
2015. 52: p. 1282-1293. 
https://doi.org/10.1016/j.rser.2015.07.129. 

152.Ahmad, T., et al., Preparation and electrochemical 
performance of Convolvulus arvensis-derived 
activated carbon for symmetric supercapacitors. 
Materials Science and Engineering: B, 2023. 292: p. 
116430, https://doi.org/10.1016/j.mseb.2023.116430. 


153.Mia, M.M., et al., Sargassum coriifolium seaweed 


40 


Journal of Chemistry and Environment 


derived sub-micro sphere carbon for simultaneous 
electrochemical detection of hydroquinone and 
catechol: Mechanistic and kinetic studies. Materials 
Chemistry and Physics, 2023. 309: p. 128439, 
https://doi.org/10.1016/j.matchemphys.2023.128439. 

154.Saravanan, J., et al., Binder-less and free-standing 
Co-Fe metal nanoparticles-decorated PWdF-HFP 
nanofiber membrane as an electrochemical probe for 
enzyme-less glucose sensors. Research on Chemical 
Intermediates, 2022. 48(1): p. 101-116, 
https://doi.org/10.1007/s11164-021-04553-0. 

155.Ashraf, M., et al., Hematite and Magnetite 
Nanostructures for Green and Sustainable Energy 
Hamessing and Environmental Pollution Control: A 
Review. Chemical Research in Toxicology, 2020. 
33(6): p. 1292-1311. 
https://doi.org/10.1021/acs.chemrestox.9b00308. 

156.Bai, Y., et al., Hard Carbon Originated from 
Polyvinyl Chloride Nanofibers As High-Performance 
Anode Material for Na-Ion Battery. ACS Applied 
Materials & Interfaces, 2015. 7(9): p. 5598-5604, 
http://doi.org/10.1021/acsami.5b00861. 

157.Aziz, M.A., et al., Carbon nanofiber and poly[2- 
(methacryloyloxy) ethyl] —‘ trimethylammonium 
chloride composite as a new benchmark carbon- 
based electrocatalyst for sulfide oxidation. Chemistry 
— An Asian Journal, 2021. 16(12): p. 1570-1583, 
https://doi.org/10.1002/asia.202 100309. 

158.Islam, T., et al., High yield activated porous coal 
carbon nanosheets from Boropukuria coal mine as 
supercapacitor material: Investigation of the charge 
storing mechanism at the interfacial region. Journal 
of Energy Storage, 2020. 32: p. 101908, 
https://doi.org/10.1016/j.est.2020.101908. 

159.Ahammad, A.J.S., et al., Porous tal palm carbon 
nanosheets: preparation, characterization and 
application for the simultaneous determination of 
dopamine and uric acid. Nanoscale Advances, 2019. 


1(2): p. 613-626, 


www.jspae.com 


https://doi.org/10.1039/C8NA00090E. 

160.Baptista, J.M., et al., State-of-the-art materials for 
high power and high energy  supercapacitors: 
Performance metrics and obstacles for the transition 
from lab to industrial scale — A critical approach. 
Chemical Engineering Journal, 2019. 374: p. 1153- 
1179, https://doi.org/10.1016/j.cej.2019.05.207. 

161.Patra, A., et al., Understanding the charge storage 
mechanism of supercapacitors: in situ/operando 
spectroscopic approaches and theoretical 
investigations. Journal of Materials Chemistry A, 
2021. 9: p. 25852-25891, 
https://doi.org/10.1039/D1TA07401F. 

162.Shah, S.S., et al., High-yield petroleum coke derived 
activated carbon with self-sulfur confinement for 
high-performance supercapacitor. Diamond and 
Related Materials, 2023. 140: p. 110450, 
https://doi.org/10.1016/j.diamond.2023.110450. 

163.Islam, S., et al., Poly[(2-methacryloyloxy)Ethyl] 
Trimethylammonium Chloride Supported Cobalt 
Oxide Nanoparticles as an Active Electrocatalyst for 


Efficient Oxygen Evolution Reaction. Chemistry — 


An Asian Journal, 2023. DOI: 
https://doi.org/10.1002/asia.202301012: p. 
e202301012. 


https://doi.org/10.1002/asia.202301012. 

164. Akter, R., et al., Transition-metal-based Catalysts for 
Electrochemical Synthesis of Ammonia by Nitrogen 
Reduction Reaction: Advancing the Green Ammonia 
Economy. Chemistry — An Asian Journal, 2023. 
https://doi.org/10.1002/asia.202300797. 

165.Wang, X., et al., Preparation and electrochemical 
properties of NiCo-layered double hydroxide 
supercapacitor. Materials Letters, 2024. 355: p. 
135522, 
https://doi.org/10.1016/j.matlet.2023.135522. 

166.Sultana, N., et al., Cobalt Oxide Nanorod-Modified 
GCE as Sensitive Electrodes for Simultaneous 


Detection of Hydroquinone and Catechol. Processes, 


41 


Journal of Chemistry and Environment 


2022. 10(2): p. 390. 
https://doi.org/10.3390/pr10020390. 

167.Shah, S.S., Unveiling Water Contamination: 
Detecting Nickel Toxicity with a Cutting-Edge 
Portable Neutron Generator. Materials Innovations, 
2023. 3(4): p. 41-51. 
http://doi.org/10.54738/MI.2022.3401. 

168.Saha, P., et al., Cobalt Oxide-Based Electrocatalysts 
with Bifunctionality for High-Performing 
Rechargeable Zinc-Air Batteries. The Chemical 
Record, 2024. 24(1): p. e202300216, 
https://doi.org/10.1002/tcr.202300216. 

169.Saravanan, J., et al., Flower-like CuO/NiO 
nanostructures decorated activated carbon nanofiber 
membranes for flexible, sensitive, and selective 
enzyme-free glucose detection. Journal of Materials 
Science: Materials in Electronics, 2021. 32(20): p. 
24775-24789,  https://doi.org/10.1007/s10854-021- 
06927-x. 


170.Ashraf, M., et al., Nanocomposite supercapacitors 


and method of preparation thereof. U.S. Patents 2023, 


US11688564B1, HO01G1 1/46, 17/586, 166, 
https://patents.google.com/patent/US 1 1688564B1/en. 

171.Adeyeye Nafiu, S., et al., Biogenic Synthesis of Gold 
Nanoparticles on a Green Support as a Reusable 
Catalyst for the Hydrogenation of Nitroarene and 
Quinoline. Chemistry — An Asian Journal, 2021. 
16(14): p. 1956-1966, 
https://doi.org/10.1002/asia.202 100385. 

172.Yasir Abir, A., et al., Cu-electrodeposited gold 
electrode for the — sensitive electrokinetic 
investigations of nitrate reduction and detection of 
the nitrate ion in acidic medium. Results in 
Chemistry, 2023. 5: p. 100702, 
https://doi.org/10.1016/j.rechem.2022.100702. 

173.Saha, P., et al., Gold Nanomaterials and _ their 
Composites as Electrochemical Sensing Platforms 
for Nitrite Detection. Chemistry — An Asian Journal, 


2022. 17(20): p. €202200823, 


www.jspae.com 


https://doi.org/10.1002/asia.202200823. 
174.Sultana, N., et al., Composite of Biomass-derived 
Material and Conductive Material Excluding 
Conducting Polymer Material, in: M.A. Aziz, S.S. 
Shah (Eds.), Biomass-Based Supercapacitors, 
Wiley2023, pp. 367-381, 
https://doi.org/10.1002/9781119866435.ch21. 
175.Mahfoz, W., et al., Composites of Biomass-derived 
Materials and Conducting Polymers, in: M.A. Aziz, 
S.S. Shah (Eds.), Biomass-Based Supercapacitors, 
Wiley2023, pp. 347-366, 
https://doi.org/10.1002/9781119866435.ch20. 
176.Khan, A.J., et al., Synthesis of heterostructured ZnO- 
CeO2 nanocomposite for supercapacitor applications. 
Inorganic Chemistry Communications, 2024. 159: p. 
111794, 
https://doi.org/10.1016/j.inoche.2023.111794. 
177.Khan, A.J., et al., Surface assembly of Fe304 
nanodiscs embedded in reduced graphene oxide as a 
high-performance negative electrode for 
supercapacitors. Ceramics International, 2020. 46(11, 
Part B): p. 19499-19505, 
https://doi.org/10.1016/j.ceramint.2020.04.303. 
178.Javed, M.S., et al., Engineering the performance of 
negative electrode for supercapacitor by polyaniline 
coated Fe304 nanoparticles enables high stability up 
to 25,000 cycles. International Journal of Hydrogen 
Energy, 2021. 46(15): p. 9976-9987, 
https://doi.org/10.1016/j.ijhydene.2020.04.173. 
179.Yu, R., et al, With the synergistic effect of 
MnCo204/Co3V208 composite nanomaterials for 
high performance supercapacitor electrodes. Journal 
of Solid State Chemistry, 2024. 329: p. 124440, 
https://doi.org/10.1016/j.jssc.2023.124440. 
180.Adam, K.M., et al., Battery-grade silver citrate- 
nickel hydroxide-multiwalled carbon nanotubes 
nanocomposites for high-performance supercapattery 
applications. Journal of Energy Storage, 2024. 81: p. 
110448, https://doi.org/10.1016/j.est.2024.110448. 


42 


Journal of Chemistry and Environment 


181.Hasan, M.M., et al., Recent Advances in Carbon and 
Metal Based Supramolecular Technology for 
Supercapacitor Applications. The Chemical Record, 
2022. 22(7): p. e202200041 
https://doi.org/10.1002/ter.202200041. 

182.Shah, S.S., et al., Controlled-Potential-Based 
Electrochemical Sulfide Sensors: A Review. The 
Chemical Record, 2021. 21(1): p. 204-238, 
https://doi.org/10.1002/tcr.202000115. 

183.Rauf, M., et al., Facile hydrothermal synthesis of 
zinc sulfide nanowires for high-performance 
asymmetric supercapacitor. Journal of Saudi 
Chemical Society, 2022. 26(4): p. 101514, 
https://doi.org/10.1016/j.jscs.2022.101514. 

184.Shah, S.S., et al, Preparation of Sulfur-doped 
Carbon for Supercapacitor Applications: A Review. 
ChemSusChem, 2022. 15(1): p. e202101282, 
https://doi.org/10.1002/cssc.202101282. 

185.Begum, H., et al., Electrocatalytic reduction of 
nitrate ions in neutral medium at coinage metal- 
modified platinum electrodes. Environmental 
Science and Pollution Research, 2023. 30(12): p. 
34904-34914, — https://doi.org/10.1007/s11356-022- 
24372-z. 

186.Ma, G., et al., A redox mediator doped gel polymer 
as an electrolyte and separator for a_ high 
performance solid state supercapacitor. Journal of 
Materials Chemistry A, 2015. 3(7): p. 4035-4041, 
http://doi.org/10.1039/C4TA06322H. 

187.Zhang, L., et al., A Review of Redox Electrolytes for 
Supercapacitors. Frontiers in Chemistry, 2020. 8: p. 
00413, https://doi.org/10.3389/fchem.2020.00413. 

188.Zhang, Z., et al. A self-adhesive, self-healing 
zwitterionic hydrogel electrolyte for high-voltage 
zinc-ion hybrid __ supercapacitors. Chemical 
Engineering Journal, 2023. 452: p. 139014, 
https://doi.org/10.1016/j.cej.2022.139014. 

189.Jia, R., et al., Stretchable and Compressible 


Supercapacitor with Polyaniline on Hydrogel 


www.jspae.com 


Electrolyte. Journal of the Electrochemical Society, 
2018. 165(16): p. A3792-A3798. 
https://doi.org/10.1149/2.0481816jes. 

190.Blyth, R.LR., et al, XPS studies of graphite 
electrode materials for lithium ion batteries. Applied 
Surface Science, 2000. 167(1): p. 99-106, 
https://doi.org/10.1016/S0169-4332(00)00525-0. 

191.Akin, M., Zhou, X., Recent advances in solid-state 
supercapacitors: From emerging materials to 
advanced applications. International Journal of 
Energy Research, 2022. 46(8): p. 10389-10452, 
https://doi.org/10.1002/er.7918. 

192.Zhong, C., et al., A review of electrolyte materials 
and compositions for electrochemical 
supercapacitors. Chemical Society Reviews, 2015. 
44(21): p. 7484-7539. 

https://doi.org/10.1039/C5CS00303B. 

193.Hayat, K., et al., Fabrication and characterization of 
Pb(Zr0.5Ti0.5)O3 nanofibers for nanogenerator 
applications. Journal of Materials Science: Materials 
in Electronics, 2020. 31(18): p. 15859-15874, 
https://doi.org/10.1007/s10854-020-04148-2. 

194. Gajewska, K., et al., Effect of electrolyte and carbon 
material on the electrochemical performance of high- 
voltage aqueous symmetric supercapacitors. Journal 
of Materials Science, 2023. 58(4): p. 1721-1738, 
http://doi.org/10.1007/s10853-023-08148-5. 

195.Buliyaminu, LA., et al. Linker-free chemical 
preparation of palladium nanoparticles on aluminum- 
doped zinc oxide electrodes for electrochemical 
water oxidation. Journal of Materials Science: 
Materials in Electronics, 2022. 33(3): p. 1337-1351, 
https://doi.org/10.1007/s10854-021-07452-7. 

196.Jiang, D.E., et al., Solvent Effect on the Pore-Size 
Dependence of an Organic Electrolyte 
Supercapacitor. The Journal of Physical Chemistry 
Letters, 2012. 3(13): p. 1727-31. 
http://doi.org/10.1021/jz3004624. 

197.Tian, X., et al., “Water-in-Salt” Electrolytes for 


43 


Journal of Chemistry and Environment 


Supercapacitors: A Review. ChemSusChem, 2021. 
4(12): p. 2501-2515. 
https://doi.org/10.1002/cssc.202100230. 

198.Jiang, D.-e., Wu, J., Unusual effects of solvent 
polarity on capacitance for organic electrolytes in a 
nanoporous electrode. Nanoscale, 2014. 6(10): p. 
5545-5550, https://doi.org/10.1039/C4NR00046C. 

199.Duarte, P., et al., Cellulose-Based Solid Electrolyte 
Membranes Through Microwave Assisted 
Regeneration and Application in Electrochromic 
Displays. Frontiers in Materials, 2020. 7: p. 269, 
https://doi.org/10.3389/fmats.2020.00269. 

200.Shah, S.S., et al., Future Directions and Challenges 
in Biomass-Based Supercapacitors, in: M.A. Aziz, 
S.S. Shah (Eds.), Biomass-Based Supercapacitors, 
Wiley2023, pp. 461-483, 
https://doi.org/10.1002/978 1 119866435.ch26. 

201.Islam, S., et al., A Mechanistic Overview of the 
Current Status and Future Challenges in Air Cathode 
for Aluminum Air Batteries. The Chemical Record, 
2024. 24(1): p. e202300017. 
https://doi.org/10.1002/ter.202300017. 

202.Li, S., et al., An intrinsically non-flammable organic 


electrolyte for wide temperature range 


supercapacitors. Chemical Engineering Journal, 2023. 


457: p. 141265. 
https://doi.org/10.1016/j.cej.2022.141265. 
203.Ferdous, A.R., et al., Advancements in Biomass- 
Derived Activated Carbon for Sustainable Hydrogen 
Storage: A Comprehensive Review. Chemistry — An 
Asian Journal, 2023. DOI: 
https://doi.org/10.1002/asia.202300780: p. 
e202300780, https://doi.org/10.1002/asia.202300780. 
204.Deb Nath, N.C., et al., Defective Carbon Nanosheets 
Derived from Syzygium cumini Leaves for 
Electrochemical Energy-Storage. ChemistrySelect, 
2019. 4(31): p. 9079-9083, 
https://doi.org/10.1002/slct.201900891. 


205.Kim, T.Y., et al., High-performance supercapacitors 


www.jspae.com 


based on poly (ionic liquid)-modified graphene 
electrodes. ACS Nano, 2011. 5(1): p. 436-442, 
https://doi.org/10.1021/nn101968p. 

206.Armand, M., et al., Ionic-liquid materials for the 
electrochemical challenges of the future. Nature 
Materials, 2009. 8(8): p. 621-629. 

https://doi.org/10.1038/nmat2448. 

207.Eftekhari, A., Supercapacitors utilising ionic liquids. 
Energy Storage Materials, 2017. 9: p. 47-69, 
https://doi.org/10.1016/j.ensm.2017.06.009. 

208. Vatamanu, J., et al., Non-Faradaic Energy Storage by 
Room Temperature Ionic Liquids in Nanoporous 
Electrodes. ACS Nano, 2015. 9(6): p. 5999-6017, 
https://doi.org/10.102 1/acsnano.5b00945. 

209.Feng, J., et al., Ion regulation of ionic liquid 
electrolytes for supercapacitors. Energy & 
Environmental Science, 2021. 14(5): p. 2859-2882, 
https://doi.org/10.1039/DOEE04002A. 

210.Futamura, R., et al., Partial breaking of the 
Coulombic ordering of ionic liquids confined in 
carbon nanopores. Nature Materials, 2017. 16(12): p. 
1225-1232, https://doi.org/10.1038/nmat4974. 

211.Mourad, E., et al., Biredox ionic liquids with solid- 
like redox density in the liquid state for high-energy 
supercapacitors. Nature Materials, 2017. 16(4): p. 
446-453, https://doi.org/10.1038/nmat4808. 

212.Xu, C., et al., Roadmap on Ionic Liquid Electrolytes 
for Energy Storage Devices. Chemistry — An Asian 
Journal, 2021. 16(6): p. 549-562. 
https://doi.org/10.1002/asia.202001414. 

213.Mirzaei-Saatlo, M., et al., Performance of 
ethanolamine-based ionic liquids as novel green 
electrolytes for the electrochemical energy storage 
applications. Electrochimica Acta, 2024. 474: p. 
143499, 
https://doi.org/10.1016/j.electacta.2023.143499. 

214.Lewandowski, A., et al., Supercapacitor based on 
activated carbon and polyethylene oxide-KOH-—H20 
polymer electrolyte. Electrochimica Acta, 2001. 


44 


Journal of Chemistry and Environment 


46(18): p. 2777-2780, https://doi.org/10.1016/S0013- 
4686(01)00496-0. 

215.Ur-Rehman, H., et al., Investigation of charge and 
current dynamics in PVA—-KOH gel electrolyte-based 
supercapacitor. Journal of Materials Science: 
Materials in Electronics, 2021. 33(5): p. 2322-2335, 
https://doi.org/10.1007/s10854-021-07432-x. 

216.Dai, Z., et al., Nitrogen-sulphur Co-doped graphenes 
modified electrospun lignin/polyacrylonitrile-based 


carbon nanofiber as high performance supercapacitor. 


Journal of Power Sources, 2019. 437: p. 226937, 
https://doi.org/10.1016/j.jpowsour.2019.226937. 
217.Khalid, M., et al., Asymmetric and symmetric solid- 

state supercapacitors based on 3D _ interconnected 
polyaniline—carbon nanotube framework. RSC 
Advances, 2015. 5(76): p. 62033-62039, 
http://doi.org/10.1039/CS5RA11256G. 
218.Solis-Cortés, D., et al., A solid-state integrated 
photo-supercapacitor based on ZnO nanorod arrays 
decorated with Ag2S quantum dots as_ the 
photoanode and a PEDOT charge storage counter- 
electrode. RSC Advances, 2020. 10(10): p. 5712- 
5721, https://doi.org/10.1039/C9RA 10635A. 
219.Subramani, K., et al., All-solid-state asymmetric 
supercapacitors based on cobalt hexacyanoferrate- 
derived CoS and activated carbon. RSC Advances, 
2017. 7(11): p. 6648-6659. 
http://doi.org/10.1039/C6RA27331A. 
220.Ehsan, M.F., et al., CoFe204 decorated g-C3N4 
nanosheets: New insights into superoxide anion 
mediated photomineralization of methylene blue. 
Journal of Environmental Chemical Engineering, 
2020. 8(6): p. 104556, 
https://doi.org/10.1016/j.jece.2020.104556. 
221.Selvaraj, M., et al., Biomass derived nitrogen-doped 
activated carbon and novel biocompatible gel 
electrolytes for solid-state supercapacitor 
applications. Journal of Energy Storage, 2023. 72: p. 
108543, https://doi.org/10.1016/j.est.2023.108543. 


www.jspae.com 


222.Clemente, A., et al., Solid-state, polymer-based, 
redox capacitors. Solid State Ionics, 1996. 85(1): p. 
273-277, 

https://doi.org/10.1016/0167-2738(96)00070-7. 


How to cite this article: 
Shah SS, Aziz MA. (2024). Properties of Electrode Materials 


and Electrolytes in Supercapacitor Technology. Journal of 
Chemistry and Environment. 3(1). p. 1-45 


45 


